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CHAPTER I 
General Introduction 
"...Cells are like countries. Soon after their initial estab­
lishment by evolutionary processes, m this case by precellular 
evolution, they found it necessary to define specific borders 
(the cell membrane) in order to prevent accidental movement into 
or out from the cells. Cells also went heavily into the im­
port-export trade and developed highly specific systems to gov­
ern movements across the borders, and the equivalent of tariffs 
in terms of energy that are proportional to the importance of the 
traded good and its relative supply in the environment and demand 
in the cell. . . " 
Simon Silver (197Θ) in Bacterial Transport 
(Rosen,B.P., ed.), p.225, Marcel Dekker, New York 
All living cells are delimited from their environment by a surface 
membrane, the plasma membrane. Eukaryotic plant and animal cells are 
further compartmentalised intracellularly into various mem­
brane-bound organelles. One of the most fundamental properties of 
these membranes is their ability to act as selective barriers, con­
trolling the quantity and nature of the substances that pass across 
them. In this way cells can take up essential molecules and ions and 
on the other hand remove waste products of metabolism. Since large 
changes in the cell volume would affect the concentration of mole­
cules and ions within the cells, membranes also have a role in keep­
ing this cell volume fairly constant. As a consequence the 
permeability of cell membranes to different substances varies wide­
ly. Some of these substances may diffuse through membranes passively 
while others may require energy input to achieve this movement. The 
plasma membrane isolates the cell from its surroundings and so al­
lows the biochemical processes inside the cell to go on rather unaf­
fected by changes in this environment. The control of ion movement 
across this membrane is very important, therefore, since it will di­
rectly affect such factors as cell pH and other osmotic and metabol­
ic functions. Although the plasma membrane is the most important 
membrane in this respect, the tonoplast or vacuolar membrane pro-
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vides a second important barrier. Thus when we consider the total 
ionic relations of a cell, it must be remembered that more than one 
membrane barrier is involved, the whole providing a complex system 
of selectively permeable barriers. 
For an ion to be transported across a membrane both a pathway and a 
driving force are required [1]. Driving forces can be concentration 
gradients, electrical potentials, metabolic energy or combinations 
of these. Does the transport process involve a single ion then it is 
termed an uniport and a transport process involving the obligatory 
coupling of two or more ions in parallel is termed symport or 
co-transport [1]. The equivalent process where the transport of one 
ion is linked to the transport of another species in the opposite di­
rection is termed antiport. If one of the ions involved in a 
co-transport is a Η , it is usually impossible to distinguish be­
tween the symport with a H or antiport with OH*. For example the 
high affinity phosphate uptake in yeast may be presented as a H /P. 
symport or a OH*/F antiport [2]. As mentioned above one of the 
driving forces for ion transport across a membrane can be the elec-
trogenic potential difference across such a membrane. In yeast it is 
generally believed that the plasma membrane ATPase acts as a proton 
pump thereby generating a membrane potential [3] . This membrane po­
tential is thought to play a rôle in the uptake in yeast of monova-
lent and divalent cations, phosphate and sulphate [4]. 
It was observed that the kinetics of ion transport across membranes 
in a wide range of cells are similar to those of enzymic catalysis, 
amd this has led to the proposal that reversible binding to a carrier 
mediates the transport process. By analogy with enzyme kinetics the 
rate of uptake ν as a function of the concentration of the ion s is 
given then by the well known Michaelis-Menten equation 
V s max 
ν = (1) 
К + s 
ш 
11 
where V is the maximal rate of uptake and К is the substrate con-
шах m 
centration at which ν is equal to 0.5 V . Both the V and the Κ , 
^ max max m 
however, are not simple constants but do depend in a complex way upon 
several factors [5]. They may depend upon the concentration of oth­
er solutes inside and outside the cell that have affinity for the 
binding site, upon the metabolic state of the cells and upon the rate 
constant of the carrier movement across the membrane [5,6]. Since 
most biological membranes bear a net negative surface charge this 
will result in a negative surface potential leading to attraction of 
cations towards the membrane and repel of anions away from it, caus­
ing a change in the apparent К in eqn 1 [7] . If the ion of which the 
uptake rate Is measured does have an effect on the magnitude of the 
surface potential, the К will change on increasing the concen­
tration of the ion and deviations from simple Michaelis-Menten ki­
netics may occur [8]. Deviations from simple Michaelis-Menten 
kinetics may also occur if the ion is translocated via two simulta­
neously operating transport systems, or if the ion is translocated 
via a single carrier, which has two sites at which the ion could be 
bound A quadratic relation in s is found then for ν [5,6] . Further­
more the transmembrane electrogenic potential difference may affect 
kinetics in a rather complicated way, depending whether during the 
translocation net charge transfer across the membrane takes place or 
not [9]. 
Analysis of different types of membranes has shown that they con­
sist largely of lipid and proteins, together with some carbohydrate 
[10]. The carbohydrate is in the form of sugar residues attached to 
the protein or lipid to form glycoproteins and glycolipids Probably 
there are two broad classes of membrane proteins [11], the so-called 
'peripheral' or weakly bound proteins which can be extracted by, for 
example, strong salt solutions and the so-called 'integral' or 
tightly bound proteins which are dissociated from the membrane only 
by detergents or solvents In relation to ion transport an interest­
ing group of peripheral proteins has been isolated from batería. 
Bacteria possess a wide range of transport systems for amino acids, 
sugars and ions. Like enzymes, these are highly specific, suggest-
12 
ing an important role for proteins in theee processes. If 
gram-negative bacteria are subjected to osmotic shock, a set of pro­
teins is released, known as 'binding proteins', each of which is 
able specifically to bind an ion, amino acid or sugar [12]. In yeast 
such proteins have been found for phosphate, thiamine, galactose and 
amino acids [13-17]. 
In the yeast Saccharomyces cerevlslae there are three different sys­
tems involved in the uptake of inorganic phosphate (P ). A constitu­
tive (low affinity) system with a dissociation constant in the order 
of 1 mM at pH 4.5 [18,19], and two inducible systems. These two are 
high affinity systems, a H -phosphate co-transport (sometimes 
called the high affinity system) with a К of approximately 10 yM at 
pH 4.5 [19,20], and a Na -phosphate co-transport with a К (for 
phosphate) in the order of 1 yM at pH 7.2 [21]. Induction of these 
two systems occurs upon Ρ -starvation, i.e. incubation of yeast 
cells in a medium containing a suitable substrate but lacking in P. 
[19,21,22]. 
The Η -phosphate co-transport is the system that has been studied 
most so far. It was shown by Borst-Pauwels and Peters [23] that both 
the V and the К of the phosphate uptake via this system depend up­
on the intracellular pH. A linear relationship was found between 
this V and К and it was suggested that the Η -phosphate 
шах m 
co-transport is a mobile carrier-mediated process. Since the V 
of this system does depend upon the cell pH and not on the medium pH 
it was assumed that protons bind to the carrier before phosphate 
[2,24]. Roomans and Borst-Pauwels [25] have presented evidence that 
phosphate uptake via this system causes a transient depolarization 
of the cell membrane and in agreement with this they found a stoi-
chiometry of 2 H with 1 phosphate and an efflux of 1 К to maintain 
electroneutrality [2] . Cockburn et al [20] have shown that phosphate 
uptake was accompanied by an influx of at most 3 H and by an efflux 
of 2 Κ , under conditions in which metabolism was stopped. Effects 
of changes in the surface potential on phosphate uptake via the 
H -phosphate co-transport at pH 4.5 could be explained as an effect 
on the apparent К for phosphate, whereas at high pH the effects were 
13 
ascribed to a decrease of the proton concentration near the membrane 
[2]. In the yeast Candida tropicalis a comparable high affinity system 
exists that is also induced after F -starvation [26]. Both in 
ι 
S.cerevlsiae and C.tropicalis this induction can be impaired with protein 
synthesis inhibitors [27,28]. The high affinity system in C.tropicalis 
can be reduced drastically by osmotic shock [26] or protoplast for­
mation [29] with a release of two binding proteins for Ρ [29,30] . We 
have investigated the effects of osmotic shock and protoplast forma­
tion on the high affinity system and a possible release of binding 
proteins (chapter II). 
The constitutive (low affinity) system has not been studied m de­
tail so far. In fact it is not known whether this system is really 
constitutive, since cells of S.cerevlsiae strain Delft II do not ex­
hibit a low affinity phosphate uptake unless the cells are 
pre-treated with Ρ [31]. However, after such a pre-treatment the 
V of the low affinity system remained fairly constant for at least 
two hours [31] . Leggett [19] has found that uptake via this system is 
dependent on metabolism both under aerobic and anaerobic condi­
tions, although inhibitors of glycolysis like 
5,5-diethylbarbiturate and lodoacetate have little effect on this 
system. Cells of S.cerevlsiae strain A294, grown on a P.-rich medium, 
do exhibit a low affinity system and we have investigated the ef­
fects of P.-starvation, P.-supplement and protein synthesis inhibi­
tors on low affinity phosphate uptake in this yeast. In the same 
study the induction of the high affinity system in connection with 
the fate of the low affinity system was investigated m detail from a 
kinetical point of view. The results of these investigations are de­
scribed in chapter III. 
The existence of a Na -phosphate co-transport was first demon­
strated by Borst-Pauwels et al [32] and has been studied in more de­
tail by Roomans et al [2,21,25]. It was found that there were two 
binding sites for Na on this system [21] but probably the low affin­
ity Na -site is not real and only due to screening by Na of the nega­
tive charges on the membrane surface [25]. Since in addition to the 
Na -phosphate co-transport there is the H -phosphate co-transport 
and a monovalent cation transport mechanism by which Na can be tak-
14 
en up, it has been impossible so far to determine the actual stoi-
chiometry of the Na -phosphate co-transport with sufficient 
accuracy. Na and phosphate ions are supposed to bind to the trans­
location mechanism in random order [25]. We have studied the 
Na -phosphate co-transport at higher medium pH' s than was done so 
far, to oppress the high affinity system, and more specific the ef-
2+ feet of Mg on this system (chapter IV). 
Although a source of available sulphur is essential for yeast 
growth [33], the uptake of sulphate in yeast is far less documented 
than the uptake of phosphate. It was first established by Kleinzel-
ler et al [34] that sulphate uptake in yeast is metabolically depend­
ent. According to Breton and Surdin-Kerjan [35] the uptake is 
mediated by two systems. At low sulphate concentrations Roomans et al 
[36] have studied sulphate uptake in yeast and it was found that up­
take increases when the cells are pre-incubated with glucose but 
without sulphate, indicating that an inducible carrier may be in­
volved. This increase by sulphur starvation can be inhibited with 
the protein synthesis inhibitor cycloheximide [37]. Both the V 
and the К of the uptake at low sulphate concentrations were found to 
m 
depend upon the cell pH [36] which may indicate that the translo­
cation is mediated by a mobile carrier [6]. Three protons are 
co-transported with sulphate into the cell, whereas one К is re­
leased then [36]. In this respects the kinetics of sulphate uptake 
by yeast resemble those of phosphate uptake. Based on this similari­
ty between the two (high affinity) systems it might be possible that 
also a co-transport of sulphate with Na ions occurs, as was found 
for phosphate (see above). This possibility has been studied and 
the results are reported in chapter V. 
In a preceding study, Roomans [38] has investigated the effects of 
phosphate on divalent cation uptake as well as the effects of diva­
lent cations on phosphate uptake m yeast. In continuation of that 
research we have studied not only phosphate uptake in yeast, but as a 
consequence also the divalent cation uptake in yeast was investi­
gated These divalent cations are taken up in yeast in a metaboli-
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cally dependent way [39]. The uptake system for these cations is 
activated when phosphate is absorbed in the cells either during or 
2+ before the uptake of the divalent cations [39,40]. Since Mg and 
2+ 2+ 
Mn are accumulated in the cells to a much greater extent than Ca 
2+ 2+ 
and Sr , the uptake system was thought to be selective for Mg and 
2+ 2+ 2+ 2+ 2+ 2+ 2+ 
Mn , the af inity series being Mg , Co > Zn , Mn > Ni > Ca > 
2+ Sr [39,40]. The same sequence is found for the activation of the 
plasma membrane ATPase and it was suggested that this ATPase was di-
rectly involved in the uptake of divalent cations [41]. However, the 
selectivity of the uptake system was concluded from measurements of 
divalent cation uptake over long periods of time, even more than 1 h 
2+ [39,40]. Moreover, according to Fuhrmann et al [41] Sr is not taken 2+ 
up whereas Ca is accumulated though at a slow rate but Roomans et al 2+ [42], determining initial rates of uptake, found Sr uptake rates 2+ that were not much different from those of Ca In order to solve 
2+ this controversy we have studied initial uptake rates of Mn and 
2+ Sr in comparison with accumulation levels after incubation over 
long periods of time (chapter VI ). 
Pena and co-workers have found that cationic dyes like ethidium-
2+ 2+ 
bromide (EB) stimulated Ca uptake as well as Mn uptake in yeast, 
2+ 2+ 
although the stimulation was much greater for Ca than for Mn 
[43,44]. On the other hand, Fuhrmann did found that the watersoluble 
2+ carbodnmide EDAC (see Abbreviations) inhibited Mn uptake in yeast 
[45,46]. The effects of both EB and EDAC on the uptake and accumu-
2+ 2+ 
lation of Mn and Sr in yeast were investigated, therefore (chap-
ter VII). 
Most of the divalent cations belong to the group of the so-called 
'heavy metals'. Although a few of the heavy metals are physiologi-
cally important as trace elements, most of them are known to inter-
act with the cell membrane and may exert toxic action to the cell if 
present in higher concentrations [47,48] In response to this, cells 
may start detoxification systems by, for example, synthesizing met-
al-bindmg proteins These are low-molecular weight and thiol-nch 
proteins called metallothioneins [49] Since the definition of the 
term 'heavy metal' is based on an arbitrary physical parameter and 
not on a common chemical property, it is not surprising that each me-
16 
tal will act in a specific way. In agreement with this it was found 
2+ 2+ 2+ 
that yeast strains made resistant to Co , Cd or Cu , respective­
ly, do not show much cross resistance to one of the two other heavy 
metals [50]. Resistant strains for a certain heavy metal were de­
veloped by culturing the yeast cells in a medium which contains a 
suitable concentration of the heavy metal. The mechanism of this re-
2+ sistance has only been studied in detail in yeast for Cu . It was 
2+ 
found that Cu -resistant yeast cells do produce much hydrogen sul­
fide. As a consequence considerable amounts of fine copper-sulfide 
granules are deposited in the cell wall [51]. Furthermore such 
2+ cells synthesize Cu -binding proteins [52] and have elevated levels 
of the enzyme superoxide di smut ase, in order to cope with the super-
2+ oxide radicals formed inside the cells by the penetrating Cu [53] . 
2+ 2+ For the Cd - and Co -resistant strains it is not clear whether the 
resistance is based on an increased level of metallothioneins or on 
another mechanism like, for example, decreased permeability of the 
2+ cell membrane. A Cd -binding protein was not found in S.cerevlslae 
[54], but two such proteins have been detected in the yeast Schlzosac-
charomyces pombe [55]. We have investigated the accumulation of 
2+ 2+ 2+ heavy metals m a Co -, Cd - and Cu -resistant strain as compared 
to the parent strain, as well as a possible cross resistance (chap­
ter VIII). 
REFERENCES 
1. Nicholls,D.C. (19Θ2) Bioenergetics, Academic Press, London 
2. Roomans,G.M. and Borst-Pauwels,G.W.F H (1979) Biochem. J. 778, 
521-527 
3. Goffeau,A. and Slayman,C.W. (1981) Biochim. Biophys. Acta 639, 
197-223 
4. Borst-Pauwels,G.W.F.H. (1981) Biochim. Biophys. Acta 650, 88-127 
5. Borst-Pauwels,G.W.F H. (1973) J. Theor. Biol. 40, 19-31 
6. Borst-Pauwels,G.W F H. (1974) J. Theor. Biol. 48, 183-195 
17 
7. Theuvenet,A.P.R. (1978) Thesis, Nijmegen 
8. Theuvenet,A.P.R. and Borst-Pauwels,G.W.F.H. (1976) J. Theor. 
Biol. 57, 313-329 
9. Barts,P.W.J.Α. (19Θ1) Thesis, Nijmegen 
10. Hall,J.L. and Baker,D.A. (1977) Cell membranes and ion trans­
port, Longman, London 
11. Guidotti,G. (1972) Ann. Rev. Biochem. 11, 731-752 
12. Oxender,D.L. (1972) Ann. Rev. Biochem. 4/, 777-814 
13. Jeanjean,R. and Fournier,N. (1979) FEBS Lett. WS, 163-166 
14. Iwashima,A., Nishimura,M. and Nose,Y. (1979) Biochim. Biophys. 
Acta 557, 460-468 
IS.Horák.J., fcíhová,L. and Kotyk,A. (1976) Folia Microbiol. 21, 
125-130 
16. Woodward, J.R. and Kornberg,H. L. (1980) Biochem. J. 192, 659-664 
17. Opekarová.,M., Kotyk.A., Нога к,J. and Kholodenko,V.P. (1975) 
Eur. J. Biochem. 59, 373-376 
18. Goodman, J. and Rothstein,A. (1957) J. Gen. Physiol. 40, 915-923 
19. Leggett,J.E. (1961) Plant Physiol. 36, 277-284 
20. Cockburn.M., Earnshaw.P. and Eddy,A.A. (1975) Biochem. J. 146, 
705-712 
21. RoomanB,G.M., Blasco,F. and Borst-Pauwels,G,W.F.H. (1977) Bio-
chim. Biophys. Acta «57, 65-71 
22. Borst-Pauwels,G.W.F.H. and Jager,S. (1969) Biochim. Biophys. 
Acta 772, 399-406 
23. Borst-PauwelB,G.W.F.H. and Peters,P.H.J. (1977) Biochim. Bio­
phys. Acta 466, 488-495 
24. Roomans,G.M. and Borst-Pauwels,G.W.F.H. (1978) J. Theor. Biol. 
73, 453-468 
25. Roomans.G.M. and Borst-Pauwэls,G.W.F.H. (1977) Biochim. Bio­
phys. Acta 470, 84-91 
26. Blasco,F., Ducet,G. and Azoulay,E. (1976) Biochimie 5β, 351-357 
27. Reillly,C., Fuhrmann,G.F. and Rothstein,Α. (1970) Biochim. Bio­
phys. Acta 203, 583-585 
28. Ducet,G., Blasco,F. and Jeanjean,R. (1977) in Regulation of Cell 
Membrane Activities in Plants (Marré,E. and Ciferri,0., eds.), 
pp. 55-62, Elsevier / North-Holland Biomedical Press, Amsterdam 
18 
29. Jeanjean,R., Bedu,S., Attia,A. and Rocca-Serra,J. (19Θ2) Bio­
chimie 64, 75-78 
30. Jeanjean,R. and Fournier,N. (1979) FEBS Lett. IOS, 163-166 
31. Huijgen,P.L.M. (1972) Thesis, Nijmegen 
32. Borst-Pauwels,G.W.F.H., Theuvenet,A.P.R. and Peters,P.H.J. 
(1975) Physiol. Plant. 33, Θ-12 
33. Suomalainen,H. and Oura,E. (1971) in The Yeasts (Rose,Η. and 
Harrison,J.S., eds.), pp. 3-74, Academic Press, London 
34. Kleinzeller,A., Kotyk,A. and Ková5,L. (1959) Nature 183, 
1402-1403 
35. Breton,A. and Surdin-Kerjan,Y. (1977) J. Bacteriol. 132, 224-232 
36. Roomans,G.M., Kuypers,G.A.J., Theuvenet,A.Ρ.R. and 
Borst-Pauwels, G.W.F.H. (1979) Biochim. Biophys. Acta 55Í, 
197-206 
37. Horák,J., ftíhová,L. and Kotyk,A. (1981) Biochim. Biophys. Acta 
649, 436-440 
38. Roomans,G.M.L.N.M.G.A. (1978) Thesis, Nijmegen 
39. Rothstein,A., Hayes,Α., Jennings,D. and Hooper,D. (1958) J. 
Gen. Physiol. 41, 585-594 
40. Fuhrmann,G.F. and Rothstein,A. (1968) Biochim. Biophys. Acta 
163, 523-530 
41. Fuhrmann,G.F., Wehrli,E. and Boehm,C. (1974) Biochim. Biophys. 
Acta 363, 295-310 
42. Roomans.G.M. , Theuvenet,A.P.R. , Van den Berg,T.P.R. and 
Borst-Pauwels, G.W.F.H. (1979) Biochim. Biophys. Acta 551, 
187-196 
43. Peña,A. (1978) J. Membrane Biol. 42, 199-213 
44. Peña,A. Mora,M.A. and Carrasco,N. (1979) J. Membrane Biol. 47, 
261-284 
45. Fuhrmann,G.F. (1973) Experientia 29, 742 
46. Fuhrmann,G.F. (1974) Experientia 30, 686 
47. Passow.H., Rothstein,A. and Clarkson,T.W. (1961) Pharmacol. 
Rev. 13, 185-224 
48. Vallee,В.L. and Ulmer,D.D. (1972) Ann. Rev. Biochem. 41, 91-28 
49. Kojima,Y. and Kägi,J.H.R. (1978) Trends Biochem. Sei. (Fers. 
Ed. ) 3, 90-93 
19 
50. Aehida,J. (1965) Ann. Rev. Phytopathol. 3, 153-174 
51. Ashida,J., Higashi.N. and Kikuchi.T. (1963) Protoplasma 57, 
27-32 
52. ΝβίΚΐ,Ν. and Yamagata.S. (1976) Plant & Cell Physiol. 17, 
1281-1295 
53. Naiki.N. (1980) Plant & Cell Physiol. 21, 775-783 
54. Macara,I.G. (1978) J. Gen. Microbiol. 101, 321-324 
55. Murasugi,Α., Wada.C. and Hayashi,Y. (1981) J. Biochem. 90, 
1561-1564 
20 
CHAPTER I I 
Effect of osmotic shock on phosphate transport 
in the yeas t Saccharomyces cerevlslae 
SUMMARY 
Osmotic shock considerably inhibited the inducible, high affinity 
phosphate uptake in the yeast Saccharomyces cerevislae . However, a 
binding protein could not be detected in the shock fluid. Also after 
protoplast formation no phosphate binding activity could be found in 
the supernatant of the protoplasts. After osmotic shock the 
non-inducible low affinity phosphate uptake was found to be affected 
as well and the cellular amount of К declined considerably, the 
cell pH decreased with approximately one unit, and the cells were 
found to shrink. It is concluded that osmotic shock damaged the 
plasmamembrane of S.cerevislae and does not reveal information about 
the molecular mechanism of the high affinity phosphate uptake in 
this yeast. 
INTRODUCTION 
In the yeast S.cerevislae there are three different systems involved 
in the uptake of inorganic phosphate (P ). The so-called low affin­
ity transport system is a constitutive system with a dissociation 
constant in the order of 1 mM at pH 4.5 [1,2] . The two other systems 
are high affinity systems that are inducible. One consists of a pro­
ton-phosphate co-transport with a К of approximately 10 yM at pH 4.5 
[2,3], the other one is a Na -phosphate co-transport with а К for 
ID 
phosphate in the order of 1 yM at ph 7.2 [4]. Induction of these two 
systems occurs when yeast cells are incubated in a medium containing 
a suitable substrate but lacking in inorganic phosphate, both under 
aerobic and anaerobic conditions [2,4,5]. Similarly, in the yeast 
Candida tropicalis both a constitutive low affinity and an inducible 
high affinity phosphate uptake do exist [6]. The latter system is 
strongly inhibited after subjecting the yeast cells to an osmotic 
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shock [5] or after protoplast formation [7] with a release of two 
binding proteins for inorganic phoshate [7,8]. 
The involvement of binding proteins in the uptake of sugar (9], am­
ino acids [10-12] and thiamine [13,14] in S.cerevlslae has been sug­
gested, although recently Nishimura et al [15] have suggested that 
the thiamine-binding protein ie not an essential component of the 
thiamine transport system in this yeast. 
The effect of osmotic shock and protoplast formation on the high 
affinity phosphate transport system in S.cerevlslae was studied in or­
der to examine the involvement of binding proteins in this transport 
system. 
MATERIALS AND METHODS 
Yeast cells, S.cerevlslae strain A294 (a non-flocculant brewing yeast 
obtained from Whitbread and Co., Ltd., Luton, U.K.), were grown as 
described in [16], until the early exponential phase of growth. Af­
ter harvesting by centrifugation, the cells were washed twice with 
45 mM TRIS-buffer adjusted with succinic acid to pH 4.5 
(TRIS/Succinate buffer). Unless otherwise stated the cells were re-
suspended to a density of 2 mgr dry weight/ml in this buffer provided 
with 3% glucose (w/v) and incubated for 3 hrs at 25 'C, to induce the 
high affinity system. The cells were kept anaerobic during this in­
cubation by bubbling nitrogen through the suspension. 
For the osmotic shock treatment the cells were centrifuged either 
directly after washing with the TRIS/Succinate buffer or after incu­
bation with glucose in the TRIS/Succinate buffer and were resus-
pended in 45 mM TRIS adjusted tp pH Θ.0 with HCl and provided with 3% 
glucose (w/v), 25% sorbitol (w/v) and 1 mM EDTA. The cells were incu­
bated in this buffer for 10 min. at 30 'C and under anaerobic condi-
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tions. After this incubation the cells were centnfuged and the 
pellet was rapidly resuspended in distilled water at 0 0C. The cells 
were kept on ice for 10 min under anaerobic conditions. After the os­
motic shock the cells were centnfuged again and the cell pellet was 
resuspended m the TRIS/succinate buffer ( provided with 3% glucose 
-w/v-) and incubated anaerobically for 10 m m at 25 "C before up­
takes were performed The remaining supernatant after the 0 0C step 
is called " shock fluid ". Control cells received the same treatment 
except that sorbitol and EDTA were ommitted m the pH θ. 0 incubation 
and TRIS/succinate buffer (without glucose) was used instead of dis­
tilled water in the 0 "C step 
Protoplasts were prepared as described by Theuvenet and Blndels 
[17] with Zymolyase 5000 (Kinn Brewery and Co.,Ltd.) and Cellulase 
Onozuka R-10 (Kmki Yakult and Co. ,Ltd. ) . 
Proteins present in the shock fluid or protoplast fluid were pre­
cipitated with (NH, ) SO, (65% saturation) in the presence of 50 mM 
TRIS-HC1 (pH 7.5) containing 0.01% NaN, and 1 mM of the protease in­
hibitor phenylmethylsulphonylfluonde (PMSF), and collected by cen-
tnfugation and resuspended in 500 mM TRIS-HC1 (pH 7.5) containing 
0.01% NaN3, 0.25 M Urea and 1 mM PMSF (buffer I) followed by dialysis 
overnight against buffer I. After dialysis the proteins were concen­
trated by ultrafiltration with an Amicon PM-10 filter. Prior to gel-
filtration the proteins were incubated for 25 m m at 32 'C with a 
small amount of H "PO ,. Afterwards they were layered on a Sepha-
cryl S-200 column (Pharmacia, Uppsala, Sweden) pre-equilibrated 
with buffer I. The column was eluted with buffer I and 2.6 ml frac­
tions were collected. The fractions were assayed for protein content 
at 280 nm, for radioactivity (Cerenkov method) and for acid phospha­
tase activity (see below). 
Uptake of phosphate was performed as described in [4] . All uptakes 
were done in the TRIS/succinate buffer (pH 4 5), provided with 3% 
glucose (w/v) at 25 "C under anaerobic conditions. Cell pH was meas­
ured according to [1Θ] . For the determination of the cellular К the 
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cells were filtrated on paper filters, washed with distilled water 
and dried with acetone. After determining the dry weight, the cells 
were extracted with 35% (v/v) HNO and the total К amount was meas­
ured with Zeiss flame spectrophotometer. Swelling or shrinking of 
the cells was measured with a Coulter Counter model ZF equipped with 
a size distribution analyzer model P64. The calibration was carried 
out with latex particles of 4.60 ym, with a treshold setting of 7.0%. 
Acid phosphatase activity was measured as p-nitrophenol liberation 
with p-nitrophenylphosphate as substrate in the presence of 1 mM 
MgCl2. 
RESULTS 
Yeast cells of the strain A294, when harvested in the early exponen­
tial phase of growth and pre-incubated for 3 hrs with glucose and 
without phosphate, exhibited a high affinity phosphate uptake with a 
К of approximately 15 yM. Cells, pre-incubated in that way, and sub­
jected to osmotic shock treatment were markedly inhibited in their 
phosphate uptake (fig.l). The uptake was measured as a function of 
the phosphate concentration in the medium. The results are plotted 
according to Hofstee [19] using the equation : 
ν = V - К ( v/s ) ( 1 ) 
max m ' ' ' * ' 
The negative slope of the line then equals the Κ , the intercept with 
the Y-axis equals V and the intercept with the X-axis equals 
V /K . Osmotic shock reduced the V considerably, apparently 
without affecting the К . 
в 
As stated in the introduction, phosphate uptake via the high affin­
ity system in C.tropicalis could be inhibited likewise by an osmotic 
shock and since in that case the binding proteins for phosphate 
could be isolated from the shock fluid, we used the techniques as de­
scribed by Jeanjean and coworkers [7,8] to isolate such proteins 
from our shock fluid. 
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FIGURE 1: Effect of osmotic shock on the high affinity phosphate uptake. 
Hofstee-plot of the uptake of phosphate in cells incubated for 3 hrs with 
glucose and afterwards subjected to osmotic shock treatment, о : control 
cells, · : shocked cells (for details see Materials and Methods). V is 
о 
expressed as mmoles per kg dry weight per minute, V /s as l i t r e per kg dry 
weight per minute. The line represents a linear regression of the data, used 
to calculate V and К . The bars denote standard deviation (duplicate 
max m 
measurements). Note the different sca les . 
FIGURE 2: Effect of osmotic shock on the s ize distribution of yeast c e l l s . 
Distribution of the c e l l s was measured with the Coulter Counter d irect ly 
after osmotic shock. Conditions ere as described in table I. The 
distribution (shown as % of the maximal peak height VS ce l l s i ze ) i s given 
for c e l l s that were not preincubated prior to osmotic shock. 
The shock f lu id contained approx. 10% of the t o t a l ( c e l l s p lus me­
dium) of the periplasmic acid phosphatase [20] compared to 7% for 
the control c e l l s ( s e e for d e f i n i t i o n of control c e l l s Materials and 
Methods). Moreover, no "P-binding a c t i v i t y above the background was 
found with any of the protein-containing f ract ions of the Sephacryl 
S-200 column ( r e s u l t s not shown). From these r e s u l t s we conclude 
that there are no phosphate-binding prote ins present in the shock 
f lu id, at l e a s t not in a detectable amount. Since the shocked c e l l s 
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TABLE I. Effect of osmotic shock on P.-uptake, cell pH and cell 
without pre-incubation 3 hrs pre-incubation 
control shock control shock 
cell pH 
cell K + 
V (xlO*) 
at 1 JIM Ρ . 
6.38±0.01 5.23±0.06 6.22±0.01 5.52±0.03 
281±8 79±8 154±4 101±2 
19.9±0.б 0.85±0.06 155±31 34.610.4 
at 10 mM P, 6.610.8 l.ltO.l 6.6±3.4 0.63±0.03 
Cell К Is expressed as aimoles per kg dry weight. Initial uptake (V ) Is 
expressed as nraoles per kg dry weight per minute. 
lost significantly more К in their medium than the control cells, 
the total cellular К amount was measured. In addition we determined 
the cell pH under these conditions, because phosphate uptake via 
the high affinity system is strongly dependent on the cell pH [21]. 
The effects of osmotic shock were also tested on the low affinity 
system, i.e. in cells that were not pre-incubated prior to osmotic 
shock, in order to prevent induction of the high affinity system. 
The initial rate of phosphate uptake was measured for two phosphate 
concentrations in the medium, 1 yM and 10 mM. At 1 μΜ phosphate the 
initial rate of uptake divided by the concentration (v/s) is almost 
equal to V ^УК (the intercept with the X-axis in the Hofstee-plot; 
see eqn. 1), while at 10 mM phosphate the initial rate of uptake is 
almost equal to the V . The results of the experiment are shown in 
table I. 
Surprisingly also the low affinity uptake was seriously affected 
by osmotic shock. The cells, both those that were pre-incubated for 
3 hours and those that were not pre-incubated lost a considerable 
amount of their cellular К with a concomitant decrease in their 
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cell pH if they were subjected to an osmotic shock treatment. Since 
the cells were grown m a К -rich medium, also the control cells lost 
some К when incubated for 3 hrs in the buffer (without К ). Al­
though in case of the shocked cells the decrease in the amount of 
cellular К and m the cell pH points to an increase of the permea­
bility of the plasmamembrane, these cells remained impermeable for 
bromophenolblue, an indicator for the intactness of the cells [18]. 
On the other hand, however, the shocked cells had shrunk compared to 
the control cells (Fig 2) This was found both with cells that were 
not pre-incubated (fig 2) and with cells that were pre-incubated for 
3 hours (data not shown). In both cases two different populations 
were found with respect to the cell size. Only the bigger cells 
seemed to shrink , but this is likely to be also the case for the 
smaller cells since their cell size then comes below the treshold of 
the distribution analyzer. 
In case of the general amino acid permease in S.cerevlsiae transport 
could'not be inhibited by osmotic shock and a binding protein was not 
liberated by this procedure but via protoplast formation [10]. We 
have tested whether the latter is also true for phosphate-binding 
proteins in our yeast. Although protoplasts contain only the low af­
finity phosphate uptake system (Nieuwenhuis,B. and Ellenbroek,A, 
unpublished results) just as has been found for C.tropicalis [22], al­
most no "P-binding activity could be found in the protoplast fluid 
(fig.3). On the other hand the penplasmic acid phosphatase was li­
berated almost completely by this procedure. In the protoplast fluid 
97% of the total activity (protoplasts + protoplast fluid) was 
found. 
DISCUSSION 
Isolation of binding proteins from the penplasmic space by means of 
osmotic shock has been very helpful in elucidating the mechanism and 
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FIGURE 3: Elution profile from a Sephacryl S-200 column (36x4.5 cm) of the 
proteins in the protoplast fluid. · - · <4„„0; Δ - Δ acid phosphatase 
activity (expressed as ymol p-nitrophenol liberated / min / ml); о - о 
radioactivity (dpm). 
regu lat ion of a c t i v e transport in gram-negative b a c t e r i a ( s e e for a 
review (23] ) . With yeast c e l l s , however, i s o l a t i o n of binding pro­
t e i n s by osmotic shock was l e s s succes fu l . Binding prote ins for or­
thophosphate in С tropicalis [ 7 , θ ] and for thiamine [ 1 3 , 1 4 ] , arg in ine 
[11] and ga lactose [9] i n S.cerevislae were i s o l a t e d in t h i s way. In 
the case of the general amino acid permease in S.cerevislae, however, 
transport could not be inh ib i ted by osmotic shock and a binding pro­
t e i n was not l i berated by t h i s procedure but v i a protop las t forma­
t i o n [10] · Moreover, recent ly i t was suggested that the 
thiamine-binding prote in i s not an e s s e n t i a l component of the t h i a ­
mine transport system i n S.cerevislae [ 1 5 ] . From the r e s u l t s pre­
sented in t h i s chapter i t can be concluded that a phosphate binding 
prote in in the yeast S.cerevislae i s not e a s i l y to be obtained by o s ­
motic shock or by protop last formation. 
Furthermore our r e s u l t s show that most l i k e l y the plasmamembrane 
i t s e l f i s damaged by osmotic shock treatment. This may be the main 
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reason that phosphate uptake is reduced by osmotic shock. The mas­
sive loss of К in exchange for protons and a shrinkage of the cells 
at the same time points to a sort of breakdown of the plasmamembrane, 
although the cells remained impermeable for large molecules like 
bromophenolblue. In addition the shocked cells gave anomalous re­
sults for the divalent cation uptake (results not shown). Hence it 
is likely that the plasmamembrane is disturbed m some way in its re­
gular functions after osmotic shock. It should also be mentioned 
that the inhibition of the phosphate uptake by osmotic shock cannot 
be explained by a decrease m the cell pH. A decrease in the cell pH 
should lead to a decrease m both the maximal rate of phosphate up­
take and the К as far as concerned the high affinity system [21]. As 
a consequence the phosphate uptake should be reduced considerably at 
high phosphate concentrations (i.e. 10 mM as in table 1), but should 
be hardly affected at concentrations far below the К (i.e. at 1 μΜ as 
m 
in table 1) . In that case the intercept with the X-axis in the Hofs-
tee-plot (i.e. V /K ) should hardly change. It appeared, however, 
that both for the low and the high affinity system the uptake at 1 μΜ 
phosphate is strongly inhibited (table 1). 
It can be concluded that in the yeast S.cerevlsiae osmotic shock does 
not reveal information about the molecular mechanism of the high af­
finity phosphate uptake. The involvement of binding proteins in the 
high affinity phosphate uptake in S.cerevisiae could not be confirmed 
on applying methods that were succesfull in C.tropicalis. This may 
raise the question whether the phosphate transport system in 
S.cerevisiae differs essentially from that of C.tropicalis. Two binding 
proteins are involved in the high affinity phosphate uptake system 
in C.tropicalis [7]. In this way phosphate uptake m С.tropicalis is more 
like phosphate uptake in the fungus Neurospora crassa [24] and in the 
bacterium Escherichia coli [25] More investigations are needed to 
solve this problem 
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CHAPTER I I I 
Induction of the high a f f i n i t y phosphate uptake 
i n the yeas t Soccharomyces cerevlsloe 
SUMMARY 
Phosphate starvation induces a high affinity phosphate uptake sys­
tem in Saccharomyces cerevlsiae strain A294, while in the same time the 
low affinity phosphate uptake system disappears. The protein syn­
thesis inhibitor cycloheximide prevents the induction, but has no 
effect as soon as the high affinity system is fully induced. Two 
other protein synthesis inhibitors, lomofungiη and 
8-hydroxyquinoline, were found to interfere with the non-inducible 
low affinity system and with Rb -uptake. After incubation in the 
presence of phosphate the high affinity system is not induced, but 
the low affinity system has still decreased for about 35%. Phosphate 
supplement after induction causes the high affinity system to disap­
pear for 90% while in the meantime the low affinity system reappears 
for about 30%. The results are compared with those found in the yeast 
Candida tropicalis and the fungus Neurospora crassa for phosphate uptake. 
INTRODUCTION. 
In the yeast Saccharomyces cerevlsiae there are three different systems 
involved in the uptake of inorganic phosphate (P ). The so-called 
low affinity transport system is a constitutive system with a disso­
ciation constant in the order of 1 mM at pH 4.5 [1,2]. The two other 
systems are high affinity systems that are inducible. One consists 
of a Η -phosphate co-transport with a К of approximately 10 yM at pH 
m 
4.5 [2,3], the other one is a Na -phosphate co-transport with a К 
ш 
for phosphate in the order of 1 uM at pH 7.2 [4]. We will call this 
the high affinity system and the Na -phosphate co-transport, re­
spectively. Induction of these two processes occurs when yeast 
cells are incubated in a medium containing a suitable substrate but 
lacking in Ρ , both under aerobic and anaerobic conditions [2,4,5]. 
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The induction of the high affinity system has never been studied in 
detail. The rate of uptake via this system is maximal after approxi­
mately 2 hours incubation [2,6]. and the induction can be impaired 
by adding an inhibitor of protein synthesis like cycloheximide [7]. 
In the yeast Candida tropicalis at least two phosphate transport sys­
tems do exist. One is constitutive and has a low affinity for phosp­
hate (K : 1.2 mM). The other system is comparable with the high 
m 
affinity system of S.cerevlslae. It has a К of 4.5 uM and this system 
ш 
also appears only after phosphate starvation [8]. The latter system 
disappears quickly when the incubation medium of the yeast cells is 
supplemented with P.. The protein synthesis inhibitors cyclohexi­
mide and 6-methylpurine block the induction but have no effect as 
soon as the system is fully induced [9]. The authors explain the ap­
pearance and disappearance of the high affinity system in this yeast 
as the result of a balance between continuous synthesis and degrada­
tion of the carrier involved. They assume a direct or indirect role 
of phosphate in this degradation [9]. The high affinity system in 
С tropicalis can be reduced drastically by osmotic shock [Θ] or proto­
plast formation [11] with a release of two binding proteins for in­
organic phosphate [10,11]. These two binding proteins, located in 
the cell wall near the cell surface, should bind external P. and 
could load a P.-carrier present at the plasmalemma. It was hypothe­
sized by Jean jean et al [11] that this membrane carrier could also 
bind P. directly without the mediation of the P.-binding proteins 
though with a low affinity. This would result in low afinity Ρ -up­
take which will predominate when the binding proteins are not in­
duced by P,-starvation. 
Although the high affinity system in S.cerevlslae is osmotic shock 
sensitive [12] we have failed so far in isolating binding proteins 
from this yeast after osmotic shock as well as after protoplast for­
mation (Caerteling.G. and Nieuwenhuis,B., unpublished results). 
Moreover, the disappearance of the high affinity system after osmo­
tic shock was found to be the result of severe damage of the plasma-
membrane (Nieuwenhuis,B. and Borst-Pauwels,G., unpublished 
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results). Although this points to some differences in the uptake 
mechanism in the two yeasts, the induction itself seems to be quite 
comparable as will be reported here. 
MATERIALS AND METHODS. 
Yeast cells, Saccharomyces cerevlslae strain A294 (a non- flocculent 
brewing yeast obtained from Whitbread and Co., Ltd., Luton, (U.K.)) 
were grown as described in [13], until the early exponential phase 
of growth. After harvesting by centnfugation the cells were washed 
twice with 45 mM TRIS-buffer adjusted with succinic acid to pH 4.5 
(TRIS/Succinate buffer), and finally resuspended to a density of 10 
mg dry weight /ml in this buffer, provided with 3% glucose (w/v) and 
incubated for the indicated time at 25 'C. The cells were kept anae-
robic during this incubation by bubbling nitrogen through the sus-
pension. Uptake of phosphate was performed as described in [4] , 
uptake of Rb was performed as described in [14]. All uptakes were 
done in the TRIS/Succinate buffer provided with 3% glucose (w/v) at 
25 'C under anaerobic conditions. At low P. concentrations 
( < 100 iiM) the uptake is too fast at the above mentioned cell den-
sity and in those cases the cells were diluted to 2 mg dry weight per 
ml at the beginning of the uptakes. The results are presented ac-
cording to Hofstee [15] by plotting the rate of uptake (v) against 
the quotient of the uptake rate and the phosphate concentration 
(v/s). The kinetical constants of the phosphate uptake were then 
obtained by fitting the results to a single or double hyperbola with 
appropriate curve fitting programs. Cell pH was measured according 
to [16]. Inorganic phosphate in the medium was estimated according 
to [17]. 
Cycloheximide (Sigma), lomofungin (a gift of Dr.H Aelbers of Upjohn 
Nederland) and 8-hydroxyquinoline (Merck) were dissolved in etha-
nol. The control incubations received the same amount of ethanol 
36 
û ~ Ж г5о~ y/g a» 
FIGURE 1: P.-uptake after 90 min respectively 180 min P.-starvation. Cel ls 
were incubated for 90 min (о) and 3 hours ( · ) without Ρ . The l ines 
represent linear and nonlinear regression of the data, used to calculate 
V ' s and К ' s . The i n i t i a l uptake rate ν i s expressed as msoles per kg dry 
weight per minute and v/s as l i t r e per kg dry weight per minute. The bars 
denote standard deviation (duplicate measurements). 
( f i n a l c o n c e n t r a t i o n s a l w a y s l e s s or e q u a l t h e n 1% - v / v - ) . No e f ­
f e c t were found i f t h e i n h i b i t o r s were o n l y p r e s e n t d u r i n g t h e up­
t a k e s i t s e l f and f o r t h i s r e a s o n t h e y were n o t removed a f t e r t h e 
r e s p e c t i v e i n c u b a t i o n s . 
RESULTS. 
Yeast cells of the strain A294 when harvested in the early exponen­
tial phase of growth and pre-incubated for 15 min with glucose ex­
hibited a low affinity phosphate uptake with a К of 1.65 mM. If 
cells were pre-incubated for 3 hours with glucose, but without P,, a 
high affinity uptake system appeared with а К of 18.8 μΜ, while the 
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FIGURE 2 Effect of protein synthesis inhibitors on P.- and Rb -uptake. Cells 
were incubated for 15 min in case of the low affinity P. -uptake and the 
Rb -uptake and for 3 hours in case of the high affinity Ρ -uptake The 
respective inhibitors were added to the medium directly at the beginning of 
the incubation. Uptakes were performed as described in materials and methods 
at a concentration of 1 tiM (P ) and 1 mM (Rb ), respectively, and are 
presented as percentage of the control The meaning of the symbols is о : 
cycloheximide, * - lomofungin and Δ 8-hydroxyquinoline The results are 
means of duplicate measurement. 
low a f f i n i t y system had disappeared. However, for both systems ap­
proximately the same maximal v e l o c i t y (V ) was found (see a l so Ta­
ble I ) . If c e l l s were pre-incubated for an intermediate time ( 90 
min) both systems were present and the t o t a l V under t h i s condi­
t i o n was equal to the V of the high a f f i n i t y system (f igure 1 ) . 
This ra ised the quest ion whether both systems share the same carr i­
er, i . e . only the a f f i n i t y for phosphate changed upon Ρ -starvat ion 
but not the carr ier , as suggested by Jeanjean et al [ 1 1 ] , or that the 
low a f f i n i t y system disappeared by coincidence in the same time the 
high a f f i n i t y system appeared. The induction of the high a f f i n i t y 
system in С .tropicalis i s dependent on prote in synthes is as judged by 
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FIGURE 3: Effect of 50 yg/rnl cycloheximide on the induction of the high 
affinity P.-uptake. Cells were incubated for 3 hours with (o) or without (·) 
50 Vg/ml cycloheximide. For further details see figure 1. Note the 
different v/s-scales. 
the effect of cycloheximide [9]. Also in S.cerevisiae cycloheximide 
was found to impair phosphate uptake [7]. In order to distinguish 
therefore between the two possibilities the induction of the high 
affinity system was blocked with inhibitors of protein synthesis 
like cycloheximide [18], 8-hydroxyquinoline [19] or lomofungin 
[19]. Since cycloheximide was found to inhibit to some extent respi­
ration and fermentation rates [7] all compounds were tested over a 
concentration range for their effect on the high affinity system, as 
well as the low affinity system and the monovalent cation uptake via 
the Rb -uptake, which is sensitive to impairment of metabolism [20] . 
The results are shown in figure 2. 
At 50 vg/ml cycloheximide fully inhibited the induction of the high 
affinity system whereas 8-hydroxyquinoline gave 90% inhibition at 
500 vg/ml. In contrast , the maximal inhibition found with lomofun­
gin was only 42%. The effects of cycloheximide and lomofungin on the 
low affinity system are quite similar. At the higher concentrations 
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FIGURE 4· Effect of 5 mM Ρ on the induction of the high affinity P.-uptake. 
Cells were incubated for 2 3/4 hours with (o) or without ( · ) S mM P.. 
Afterwards the cells were washed and resuspended as described in the text 
and uptake was measured after another 15 min incubation Note the different 
ν / s-scales For further details see figure 1 
an increase of 20-30% was found. However, 8-hydroxyquinoline de­
creased phosphate uptake v i a the low a f f i n i t y system with 87% at 500 
yg/ml. A st imulat ion of approximately 20% was found in the Rb+-up-
take with lomofungin at the higher concentrat ions. On the other 
hand both cycloheximide and 8-hydroxyguinoline were found to inhib­
i t Rb -uptake for 20-30% Since lomofungin did not g ive f u l l inhi­
b i t i o n of the induction of the high a f f i n i t y system i t i s l i k e l y that 
t h i s compound does not d i s s o l v e completely at the higher concen­
t r a t i o n s . 8-Hydroxyquinoline strongly inh ib i ted phosphate uptake 
v ia the low a f f i n i t y system To our opinion, therefore, cyc lohexi­
mide i s the bes t choice, although t h i s compound inter fered a l so to 
some extent with the low a f f i n i t y Ρ -uptake and Rb -uptake. The ef­
f e c t of 50 pg/ml of t h i s compound on the induction i s shown in f igure 
3. 
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FIGURE S: Effect of 5 ml·! Ρ on the Ρ -uptake after the induction of the high 
affinity system. After 3 hours incubation part of the cells was used to 
measure the P.-uptake (•), afterwards Ρ (to a final concentration of 5 mM) 
was added to medium of the remaining cells 2 Hours later these cells were 
washed and resuspended as described in the text and after another 15 min 
incubation P.-uptake was measured (o) and compared to control cel ls that 
received no P. (*). Note the different \> / s- scales 
As expected, cycloheximide inh ib i ted almost completely the in­
duction of the high a f f i n i t y system. Only 1% of the V of the con­
t r o l was found af ter pre-incubation with cycloheximide. The low 
a f f i n i t y system had not disappeared in t h i s case, although the V 
i s 53% of the V of the high a f f i n i t y system. Lowering the c e l l pH 
of the yeast c e l l with 4 mM butyric acid causes the V of the low 
a f f i n i t y system to decrease with approximately 50% and the c e l l pH 
from 6.76 ± 0.02 ( s . e . ) t o 6.39 ± 0.04, whereas the К remained con-
stant . Since approximately the same decrease i n c e l l pH was found 
with cycloheximide (6.27 ± 0.06) t h i s w i l l account for the decrease 
in V as found af ter incubation with cycloheximide. A correct ion 
max •* 
for this gives approximately 7.2 mmoles χ min χ kg dry weight 
as maximal velocity. Thus it seems that when the high affinity does 
not appear, the low affinity system does not disappear. The de-
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crease in cell pH may also account for the decrease in the К of the 
high affinity system after incubation with cycloheximide (10.1 μΜ 
compared to 20 4 μΜ; see [21|). In C.tropicalis cycloheximide also 
blocks the induction of the high affinity system but has no effect as 
soon as the system is fully induced [9] We have checked whether 
this is also true for S.cerevisiae, but as found in C.tropicalis cyclo­
heximide had no effect after induction Only a small increase in the 
V of the control after 5 hours pre-mcubation compared to 3 hours 
max 
( 6.98 vs 5.71 mmoles χ min «kg dry weight) showed that in­
duction was not complete after 3 hours. This small increase, howev­
er, is blocked by cycloheximide. In C.tropicalis the same effect was 
found. Addition of cycloheximide during the induction of the high 
affinity system in this yeast arrested the uptake at the level at­
tained then 19]. 
As mentioned in the introduction, the high affinity system in 
С .tropicalis disappears quickly when the medium of the cells is supple­
mented with F.. To test the effect of Ρ on the induction of the high 
affinity system in S.cerevisiae, cells were incubated for 2 3/4 hours 
with or without phosphate, centnfuged, washed twice with fresh buf­
fer and resuspended in buffer with 3% glucose (w/v) for another 15 
min. After this incubation the phosphate uptake was measured. The 
amounts of Ρ remaining in the final incubation medium after the 
P.-treatment did not exceed 20 yM (compared to 3 μΜ in the control) . 
The results are presented in figure 4. 
The presence of 5 mM Ρ during the incubation almost completely pre­
vented the induction of the high affinity system. Less then 1% of 
the V of the control was found. The low affinity system decreased 
max *
 J 
with approximately 70% However, in contrast to the decrease by cy­
cloheximide no significant decrease in cell pH was found after the 
Ρ -treatment , i.e after the final incubation (results not shown). 
Breakdown of the low affinity system therefore seemed to occur in 
spite of preventing the induction of the high affinity system. To 
investigate this point in more detail we tested the effect of Ρ on 
both systems after induction of the high affinity system. The same 
protocol was followed as in the experiment of figure 4 except that Ρ 
was supplemented to the medium after 3 hours incubation with glucose 
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TABLE I. Effect of P.-starvation, P.-supplement and 
cycloheximide on the kinetic parameters of P,-uptake in 
S .cerevlslae. 
incubation time 
(min) 
high affinity 
V (%) К (vM) 
шах m 
low affinity V 
J
 max 
К (mM) total V-«tt> m 
15 
90 
180 
ieo+120 
60 19.5 
100 16.6±0.8 
113±4 17.510.9 
87 
44 
1.65 
1.65 
87 
104 
100 
113 
180+cycloheximide 
ieo+?l 
180+P1+Mg
2+ 
180+120 
cycloheximide 
180+120 P1 
180+120 P1+Mg
2+ 
1 
1 
1 
98 
11 
3 
10.1* 
10.3 
8.4 
21.4 
10.8 
10.0 
53* 
34 
35 
29 
7 
(105) 1.60 
1.70 
1.50 
1.65 
1.50 
106 
35 
36 
98 
40 
10 
Since V 's were found to varie between the different experiments (due to 
the use of different batches of cells) this parameter is expressed as 
percentage of the V of phosphate uptake in control cells after 3 hrs 
P.-starvation for each experiment. Where possible the values are presented 
as the mean, ± s.e.. V total is the sum of the percentages of the V of 
max
 r
 " max 
the low and high affinity system, respectively. 
*) The decrease in the К of the high affinity system and in the V of the 
low affinity system is due to an effect of cycloheximide on the cell pH. The 
corrected value of the V is shown within brackets (see also Results). 
max ' 
and was removed after another 2 hours incubation, followed again by 
a final incubation of 15 min. The results are presented in figure 5. 
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Although the high affinity system was fully induced after 3 hours 
(control 3 hours, figure 5) another 2 hours incubation with P. 
caused this system to disappear for about 90%. The same effect of Ρ 
has been found m С.tropicalis [9]. The low affinity system, however, 
re-appears with a V of approximately 25% of the V of the con-r r
 max
 r r
 ' max 
trol. 
During prolonged phosphate accumulation by yeast a decrease in the 
rate of phosphate absorption was found which was accompanied by a 
parallel decrease in glycolysis [22]. This was asrcibed to be due to 
2+ complexation of internal Mg by phosphate compounds formed in the 
cell. The decrease in the rate of glycolysis could be come over by 
2+ (externally) adding Mg . These effects might well account for the 
decreased V of the low affinity system after phosphate accumu­
lation in the experiments of figure 4 and 5 ( and even for the lack of 
induction of the high affinity system), and therefore the exper­
iments as described in figure 4 and 5 were repeated with 5 mM phosp­
hate and 1 mM MgCl.. Although small changes were found in the V 's 
¿ шах 
of both systems, the results of this experiment were the same as 
those presented in figure 4 and 5. Together with the results of the 
other experiments they are summarised in table I. 
DISCUSSION. 
Starvation for inorganic phosphate led to the induction of a high 
affinity phosphate uptake system in the yeast S.cerevisiae as has been 
found in the yeast С .tropicalis [θ] and in the related fungus Neurospora 
crassa [23] . When this high affinity system was fully induced after 3 
hrs P.-starvation, the low affinity phosphate uptake system (pres­
ent before Ρ -starvation) had disappeared. Addition of the protein 
synthesis inhibitor cycloheximide to the incubation medium pre­
vented induction of the high affinity system, but as soon as the high 
affinity system was fully induced no effect of cycloheximide on this 
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system could be found (fig.3). Before induction of the high affin­
ity system only indirect effects of cycloheximide on the low affin­
ity system were found but when cycloheximide is given after 
induction of the high affinity system the low affinity system did 
not reappear. When P. was supplemented to the incubation medium the 
high affinity system did not appear and the low affinity system de­
creased with approx. 70%. A similar phenomenon has been found in 
N .crassa [24], where the low affinity phosphate uptake was subject to 
fine control by feedback inhibition. When Ρ is supplemented after 
induction of the high affinity system the V of this system de­
creased for about 90% in 2 hrs, as has been found also m С .tropicalis 
[θ]. Meanwhile the low affinity system reappeared but, as was the 
case when P, was supplemented before induction, the V was only 
about 30% of the V of the control cells. A possible impairment of 
2+ 
metabolism due to chelation of cellular Mg by the accumulated 
phosphate [22] could be excluded, since in the presence of P. and 
2+ Mg even a lower V for the low affinity system was found (table 
I. ). From the results with С tropicalis it is not clear whether the low 
affinity system re-appears after Ρ -supplement. 
The possibility of a common membrane carrier for both phosphate up­
take systems in yeast, as hypothesised by Jean jean eí al [11], cannot 
be confirmed nor excluded from the results presented in this chap-
ter. In N.crassa direct evidence for the existence of two distinct 
uptake systems is provided by the existence of a mutant containing 
only one system [25]. The high affinity system in N.crassa, along 
with a set of Ρ -scavenging enzymes, is under control of a complex 
set of regulatory genes and recently evidence was presented that in­
organic pyrophosphate is the intracellular co-repressor [26]. In 
S.cerevlslae also such a "phosphorus family" of enzymes exists, and 
their expression is governed by a complex but genetically 
well-defined eukaryotic dispersed-gene control system [27]. In 
their search for mutants of the Ρ -repressible acid phosphatase syn­
thesis in S.cerevisiae Oshima and co-workers found a constitutive mu­
tant, pho T, that apparently lacks the high affinity system [28], 
which favours the idea of two distinct systems. Kinetically the low 
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affinity system differs from the high affinity system since the К 
of the low affinity system is not dependent on the cell pH in con­
trast to the К of the high affinity system [21]. A dependence of 
ю 
the К (and V ) of a transport process upon intracellular solutes 
ш max 
(cell pH in case of Ρ -uptake) can be described by a mobile carrier 
mechanism [29]. Since the К of the low affinity system does not de­
pend upon the cell pH this suggests that this transport can be de­
scribed by an immobile carrier mechanism, which would support the 
view that two distinct carriers are involved. The fact, however, 
that the low affinity system disappeared during the induction of the 
high affinity system while the total maximal velocity remained con­
stant could be an arguement in favor of a common membrane carrier, 
but in this case the turnover rate of the carrier (or the number of 
carriere per cell) should decrease on supplementing phosphate to the 
cells in order to account for the results of the experiments shown in 
fig. 4 and 5. However, in the same way as mentioned above for the ef­
fects of the cell pH on the kinetic parameters it could well be that 
intracellular phosphate (increased after incubation with F ) dimin­
ishes this turnover rate. In fact Hölzer [30] has found with yeast 
cells that uptake of phosphate from the medium did not start before 
the intracellular inorganic phosphate dropped below a certain lev-
2+ el. Since in the presence of Mg more phosphate can be taken up [22] 
2+ this would also explain why after incubation with P. and Mg the 
maximal uptake of phosphate is lower then after incubation without 
Mg2+ (see table I). 
The involvement of binding proteins in the high affinity phosphate 
uptake remains obscure. In N .crassa as well as in S.cerevlslae efforts 
to detect a Ρ -binding protein in the supernatant of the cells after 
osmotic shock have so far been unsuccesfull ([23] ; chapter II of 
this thesis). In this aspect phosphate uptake m C.tropicalìs may dif-
fer from S.cerevlslae although in general the induction of the high af-
finity phosphate uptake system follows the same pattern. 
The use of protein synthesis inhibitors with whole cells for meta-
bolic and transport studies is widespread but as pointed out before 
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[7,31] the results of these experiments must be considered with 
care. The inhibitors lomofungin and 8-hydroxyguinoline both inhib-
2+ 2+ it RNA-polymerase by chelating divalent cations like Mg , Mn and 
2+ Zn required for the activity of this enzyme [19). It was expected 
therefore that both compounds might inhibit cellular processes re­
quiring divalent cations. It is tempting to speculate that these in-
2+ hibitors might interfere with the plasma-membrane Mg -ATPase, that 
is thought to provide part of the driving force for ion translo­
cation [20]. This could explain the observed interference of these 
compounds with the low affinity phosphate uptake system and the 
Rb -uptake (fig.4). Cycloheximide blocks protein synthesis by 
binding to the 60S ribosomal subunit [1Θ], but it was found to inter­
fere with other cellular processes (see Results) as has been found 
also by Reilly et al [7]. Nevertheless it is likely that de novo pro­
tein synthesis is involved in the induction of the high affinity 
system and that this system is not subject to rapid turnover (fig.5 
and 6). Although there is some controversy on this point (32), it is 
generally believed that the derepression of the P.-repressible acid 
phosphatase is also the result of de novo appearance of functional 
mRNA followed by de novo synthesis [33 J. 
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CHAPTER IV 
Effect of the medium pH and the Na -concentrat ion 
on the Na -phosphate co- transport 
i n the yeast Saccharomyces cerevislae 
SUMMARY 
Uptake of phosphate via the Na -phosphate co-transport and the 
H -phosphate co-transport was studied at high pH At very low phos­
phate concentrations this uptake was greatly enhanced by Na . Uptake 
of phosphate via the H -phosphate co-transport decreased with in­
creasing medium pH due to a decrease in the concentration of the 
co-substrate H . Uptake of phosphate via the Na -phosphate 
co-transport increased with increasing medium pH which may be ex­
plained by a decrease in the competition of protons with Na for the 
cation-binding sites. At low phosphate concentrations the results 
suggest that there is only one real binding site for Na on the 
Na -phosphate co-transport. Apparent two-site kinetics found at 
higher Na -concentrations is probably due to screening of charged 
+ 2+ 
groups on the membrane surface by Na . At pH θ Mg stimulated the 
uptake of phosphate via the Na -phosphate co-transport more than ex­
pected theoretically for a reduction of the surface potential. Such 
an extra effect was not found with the monovalent cations К , Rb , 
+ + 2+ 
Cs and Na . It was concluded that at this pH Mg has an additional 
stimulating effect on the Na -phosphate co-transport. 
INTRODUCTION 
Two of the three systems involved in the uptake of inorganic phos­
phate (P ) in the yeast Saccharomyces cerevisiae, the low affinity sys­
tem and the inducible high affinity Η -phosphate co-transport, have 
been discussed so far in chapter II and III. The third system is an 
inducible Na -phosphate co-transport that was first described by 
Borst-Pauwels et al [1] and has been studied in more detail by Roomans 
et al [2,3,4]. Induction of this system occurs when yeast cells are 
incubated in a medium containing a suitable substrate but lacking in 
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P. [2]. Although the Na -phosphate co-transport was studied mainly 
at pH 7.2 it can also operate at pH 4.5 [3]. The Na -phosphate 
co-transport seems to be kinetically different from the H -phos­
phate co-transport since at pH 7.2 the К for phosphate for the 
m 
Na -phosphate co-transport is 0.6 yM compared to 30 μΜ for the 
Η -phosphate co-transport, and uptake via the latter system is not 
affected by 15 mM Na [2). Besides the site with affinity for phos­
phate there are two sites to which Na (and Li as well) may bind [2], 
pointing to a stoichiometry of 2 Na for 1 phosphate. It was found, 
however, that at low concentrations of Na one phosphate may be 
co-transported with only one Na so that this ratio may be lower than 
2 [4]. Theoretically it has been shown that uptake of a monovalent 
cation across a negatively charged membrane may show apparent 
two-site kinetics even though the translocation mechanism has only 
one site [5] . The second Na -site on the Na -phosphate co-transport 
may therefore be only apparent and due to screening of charged 
groups on the membrane surface by the Na -ions [4]. Since in addi­
tion to the Na -phosphate co-transport there is the Η -phosphate 
co-transport and a monovalent cation transport mechanism by which 
Na can be taken up, it has been impossible so far to determine the 
actual stoichiometry of the Na -phosphate co-transport [4] . 
The maximal rate of phosphate uptake (V ) via the Η -phosphate 
co-transport was found to depend on the pH of the suspending medium 
but in fact this dependence was only apparent and it was shown that 
the V actually depends on the cell pH [6]. This independence of 
the maximal rate of uptake on the extracellular proton concentration 
means that protons bind to the carrier before phosphate [7]. In that 
case the К for phosphate will depend upon the extracellular proton 
concentration. In addition the К depends upon the surface poten­
tial, whereas the V is independent of this surface potential. The 
kinetic parameter F = V / К will therefore change in the oppo-
max m т> r-c-
site way [7]. If the data are plotted according to Hofstee [θ] as ν 
versus v/s using the equation : 
шах m * ' 
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F is equal to the intercept of the Hofstee-plot with the X-axis, i.e. 
F is related to the uptake at infinitely low values of s (ν is the in­
itial rate of uptake and s is the ion concentration in the medium ) . 
When both the H -phosphate co-transport and the Na -phosphate 
co-transport are involved F is the sum of V / К of each process. r
 max m 
This parameter F can be approximated by studying the transport of 
phosphate with only radioactive phosphate (carrier free) present. 
The effects of divalent cations on F for the H -phosphate 
co-transport could be explained as effects on the surface potential 
of the yeast cells, and in the case of the Na -phosphate 
co-transport a linear relation between F and the square root of the 
divalent cation concentration was found exactly as predicted the­
oretically for a decrease in the negative surface potential [4]. 
Upon raising the pH of the suspending medium one should oppress the 
phosphate uptake via the H -phosphate co-transport due to a decrease 
m the H -concentration and so create a more favourable situation to 
study the Na -phosphate co-transport. Besides the effect of the 
H -concentration, of course, the negative surface potential will 
increase [9], that could lead to changes in the uptake of phosphate 
at low phosphate concentrations via both systems [7]. However, under 
this condition it should be possible to gam more insight in the me­
chanism of the Na -phosphate co-transport. 
MATERIALS AND METHODS 
Yeast cells, Saccharomyces cerevlsiae strain Delft II, were starved ov­
ernight under aeration. After starvation, the cells (5%, w/v) were 
washed twice with 25 mM HEPES-buffer adjusted with imidazole to pH 
7 4 (HEPES/imidazole-buffer) and finally resuspended in this buffer 
provided with 3% glucose (w/v) and incubated for 2 hrs at 25 "C. Ni­
trogen was bubbled through the suspension continuously. After this 
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FIGURE 1- Effect of the medium pH on phosphate uptake. F is v/s with 
carrier free phosphate, in the absence (o) or presence ( · ) of 15 mM Na ;(Δ) 
is the difference between the two F (expressed as 1 χ min » kg dry 
weight) is corrected for the percentage of monovalent phosphate at the 
respective pH's The bars denote the standard deviation (duplicate 
measurements). 
incubation the c e l l s were d i lu ted 5-fold in 56.25 mM TRIS adjusted 
to the desired pH with concentrated HCl (TRIS/HCl-buffer) and incu­
bated for 5 mm at 25 "C, again under anaerobic cond i t ions . The 
TRIS/HCL-buffer contained 3% glucose (w/v). Since a f ter d i l u t i o n i n 
the TRIS/HCl-buf f er the pH decreases about 0.5 un i t in the f i r s t 2 
minutes, the pH of t h i s buffer was always chosen 0.5 unit above the 
des ired pH. At the end of t h i s second incubation a sample of the 
yeast suspension was withdrawn and c e l l s and medium were quickly s e ­
parated by c e n t n f u g a t i o n . Afterwards the pH of the medium was meas­
ured and, i f necessary, the concentration of Na . The l a t t e r was 
determined in the supernatant with a Ze iss flame spectrophotometer; 
t y p i c a l l y a concentrat ion of approximately 5 μΜ for Na was found. 
Uptake of phosphate was performed as described in [2] and a l l up­
takes were done in the TRIS/HCl-buf f er provided with 3% g lucose 
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FIGURE 2: Effect of the medium pH on the cell pH of the yeast cells. The bars 
denote the standard error of the mean (triplicate measurements). 
(w/v)'at 25 'C under anaerobic conditions. Non-linear regression of 
the data was performed with a curve f i t t i n g program on a d ig i ta l com­
puter. The percentage of monovalent phosphate at 25 'C was calcu­
lated using the equation 
Kjfj [Mg2+]K2f1f2 
P" = P t o t (1 + + ) ( 2 ) 
H + f 2 4 H + 
where Ρ is monovalent phosphate, P^  is the total amount of inor-
r r
 tot 
game phosphate added, K, is the thermodynamic dissociation con-
stant for monovalent phosphate (K, = 6.166 » 10 ; [10]), 1С is the 
_3 
thermodynamic dissociation constant for MgHPO, (K^  = 1.95 χ 10 ; 
[11]), Η is the activity of protons and f and f are the activity 
coefficients for monovalent and divalent ions, respectively, that 
were calculated using the Davies equation [12] 
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FIGURE 3: Phosphate uptake via the Na -phosphate co-transport as function of 
the Na -concentration at pH 8 in the absence (o) and presence ( · ) of 4 mM 
2+ Mg . F was corrected for the percentage of monovalent phosphate as well as 
2+ 
complexation of phosphate by Mg 
rl/2 
l o g f = 0 . 5 ζ * (-
η η
 v - 0 . 3 I ) ( 3 ) 
l + I 1 ' 2 
where ζ i s t h e c h a r g e o f t h e i o n and I i s t h e i o n i c s t r e n g t h . A t h e r -
_ Q 
modynajnic dissociation constant of 8.39 χ 10 at 25 °C was used 
for TRIS [ 13]. The pH of the cells was determined after freezing and 
boiling of the cells, as described by Borst-Pauwels and Dobbelmann 
[14]. 
Cell electrophoretic mobilities were measured'at 25 'C using a rec­
tangular cuvette and apparatus as described by Fuhrmann et al [15]. 
The composition of the buffer solution was 45 mM TRIS adjusted to pH 
θ with concentrated HCl. From the electrophoretic mobility the С po­
tential was calculated using the Helmholtz-Smoluchowski equation 
[16). 
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FIGURE 4: Effect of Na+ (о), K+ ( · ) and Mg2+ (Δ) on the Ç potential of the 
yeast c e l l s at pH 8. The ζ potential was measured as described in Materials 
and Methods. The cations were added as chloride s a l t s . 
RESULTS AND DISCUSSION 
To find the optimal pH for the Na -phosphate co-transport with re­
gard to the Η -phosphate со-transport the uptake via both systems 
was measured as a function of the medium pH between pH 7 and pH 9. 
The values of F were corrected for the presence of divalent phos­
phate, since phosphate i s taken up via the H -phosphate co-transport 
only in the form of the monovalent anion. Since the Na -phosphate 
co-transport can operate at pH 4.5 [3] where phosphate i s almost ex­
clusively present in the form of the monovalent anion, i t i s l ikely 
that also at high pH phosphate i s taken up in this form via the 
Na -phosphate co-transport. The results are shown in figure 1. 
Above pH 7.5, in the presence of 15 mM Na phosphate was taken up 
for 90% or more via the Na -phosphate co-transport . The relative 
decrease in the uptake via the H -phosphate co-transport was most 
outspoken around pH Θ. Since both the К and the V of the H -phos-
m max
 c 
5 8 
181. 
675, 
46Θ. 
4β5 
395 
807 
.7 ± 1Θ.4 
. θ ± 49. 4 
.9 + 23.8 
.7 ± 19.0 
.4± 1.3 
.7 ± 58.6 
100 
372 
258 
267 
218 
445 
24· 
TABLE I Effect of monovalent cations and Mg on phosphate uptake 
at pH 8. 
1 mM Na+ 
50 mM Na+ 
1 mM Na+ + 49 mM C s + 
1 mM Na+ + 49 mM Rb+ 
1 mM Na+ + 49 mM K+ 
1 mM Na+ + 4 mM Mg 2 + 
For the meaning of F see figure 1 and t e x t . The values are means of 
t r i p l i c a t e measurements, ± s . e . . A correction was applied assuming that only 
the monovalent phosphate i s taken up, as well as a correction for 
2+ 
complexation of phosphate by Mg . The cations were added as chloride s a l t s . 
F i s expressed as 1 χ min « kg dry weight. 
p h a t e c o - t r a n s p o r t depend upon t h e c e l l pH, F = V / К w i l l a l s o 
depend upon t h e c e l l pH. However, t h e c e l l pH remained v i r t u a l l y 
c o n s t a n t w i t h a medium pH b e t w e e n 7 and 9 ( f i g u r e 2 ) . The d e c r e a s e o f 
F w i t h t h e medium pH t h e r e f o r e would r e f l e c t , i n c a s e o f t h e H - p h o s ­
p h a t e c o - t r a n s p o r t , a d e c r e a s e i n t h e c o n c e n t r a t i o n o f t h e 
c o - s u b s t r a t e (H ) , o r an i n c r e a s e i n t h e n e g a t i v e s u r f a c e p o t e n t i a l 
[ 9 ] . S i n c e a d e c r e a s e i n F was found on d e c r e a s i n g t h e n e g a t i v e s u r ­
f a c e p o t e n t i a l w i t h d i v a l e n t c a t i o n s [ 4 ] , and t h e s u r f a c e p o t e n t i a l 
i n c r e a s e s w i t h i n c r e a s i n g pH [ 9 ] , t h e d e c r e a s e i n H , must be more 
i m p o r t a n t q u a n t i t a t i v e l y . S i n c e a t pH 7 . 2 15 mM Na d o e s n o t a f f e c t 
p h o s p h a t e u p t a k e v i a t h e H - p h o s p h a t e c o - t r a n s p o r t [ 2 ] one c a n ob­
t a i n t h e p h o s p h a t e u p t a k e v i a t h e Na - p h o s p h a t e c o - t r a n s p o r t by s u b ­
t r a c t i n g t h e p h o s p h a t e u p t a k e i n t h e a b s e n c e o f Na from t h a t i n t h e 
p r e s e n c e of Na ( t h e t r i a n g l e s i n f i g . l ) . The p a r a m e t e r F f o r p h o s ­
p h a t e uptake v i a t h e Na - p h o s p h a t e c o - t r a n s p o r t d i d i n c r e a s e w i t h 
i n c r e a s i n g medium pH. On r e d u c i n g t h e n e g a t i v e s u r f a c e p o t e n t i a l 
2+ 2+ 
w i t h Ca and Mg , Roomans and B o r s t - P a u w e l s [ 4 ] found an i n c r e a s e 
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in F for the Na -phosphate co-transport The observed increase in F 
must therefore be even greater if one corrects for the increase in 
the negative surface potential with increasing medium pH. A possi­
ble explanation for this increase may be that protons do compete 
with Na for the Na -binding site A decrease in the H -concen­
tration will diminish the competition then, and should lead to an 
increase in uptake via the Na -phosphate co-transport. 
The uptake of phosphate via the Na -phosphate co-transport at pH 8 
as a function of the Na -concentration is shown in figure 3. Two 
sites for Na with an apparent affinity of 80 |iM and 266 mM, respec­
tively, were found. The uptake rates include an extrapolated value 
of F of 116.9 1 « m m " χ kg dry weight, for phosphate uptake via 
the Η -phosphate co-transport. In the presence of 4 mM MgCl , to re­
duce the surface potential, uptake via the Η -phosphate 
co-transport is reduced considerably, and the contribution via this 
system is only 1.9 1 χ min χ kg dry weight. A similar effect has 
2+ been found with Ca at pH 7.2 [4]. The apparent К 's for the 
Na -sites were 356 yM and 7.8 mM, respectively. The strong decrease 
found in the К for the low affinity site is again evidence that this 
m -" 
site may only be apparent since the К of a real cation binding-site 
is expected to increase on decreasing the surface potential with 
2+ + 
Mg . It is likely therefore that the Na -phosphate co-transport is 
a 1-1 co-transport and the apparent two-site kinetics found at high­
er Na concentrations are due to an aspecific screening of charged 
groups on the membrane surface by Na . For the high affinity site 
the К increased on reducing the surface potential, as expected the-
П1 
oretically [7] . This increase was approximately 4.5-fold. The maxi­
mal value of F for the high affinity site, however, increased 
8-fold. In the models used by Roomans and Borst-Pauwels [7] the in­
crease in this maximal value should be equal to the increase in the 
Κ , ι e. the amount of reduction of the negative surface potential 
by Mg" (see appendix). At pH 7.2 it was indeed found that at infi-
+ 2+ 
nitely high concentrations of Na , Mg did not have an extra effect 2+ [4]. At pH 8 Mg must therefore not only affect F via the surface 
potential but also via the V (for equations see appendix). At 
60 
this pH the equation for a 1-1 co-transport as used by Roomans and 
Borst-Pauwels does not longer describe sufficiently the phosphate 
uptake via the Na -phosphate co-transport. 
Besides Na only Li was found to enhance phosphate uptake at pH 7.2 
and at a concentration of 10 mM К , Rb and Cs did not stimulate 
phosphate uptake at this pH [2]. It was concluded that К , Rb and 
Cs do not have affinity for the cation binding sites on the 
Na -phosphate co-transport. Monovalent cations can, however, reduce 
the negative surface potential although at much higher concen­
trations as divalent cations. Information about the surface poten­
tial can be obtained only indirectly, so far. By means of micro cell 
electrophoresis the ς potential of the yeast cell can be determined. 
This С potential represents the potential at the surface of shear 
with respect to the bulk medium (see for further discussion ref .17). 
In figure 4 the effect of Na , К , and Mg on the ç potential of the 
yeast cells at pH β is shown. 
74. 
Mg was much more effective in lowering the ζ potential than the 
monovalent cations, that acted roughly the same. It can be seen that 
2+ 4 mM Mg caused a similar decrease in the с potential as 20-30 mM of 
monovalent cation. The effect of reduction of the negative surface 
potential with 50 mM monovalent cation on the uptake of phosphate, 
2+ compared to the effect of 4 mM Mg on this uptake, is shown in table 
I. 
Cs and Rb equally stimulated the phosphate uptake in the presence 
+ + 2+ 
of 1 mM Na . ІС was slightly less effective but in contrast Mg did 
increase the uptake 4-fold. Na did increase F more than did the 
other monovalent cations but since the high affinity site was not 
fully occupied at 1 mM Na (see fig.3), F was not at maximal at this 
Na -concentration. A correction applied for this would give a value 
of 274% for 50 mM Na compared to 1 mM. The extra effect on F, there-
2+ 
fore, was specific for Mg and was not found with monovalent ca­
tions. It is not clear, however, why the equation for a 1-1 
co-transport used by Roomans and Borst-Pauwels [4] do describe phos-
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phate uptake via the Na -phosphate co-transport at pH 7.2 but not at 
pH Θ. 
2+ Low concentrations of Ca do hyperpolarize the yeast cell membrane 
2+ [18]. and it is tempting to speculate that, if Mg does give the 
same effect, under such conditions the V or the rate constant for 
max 
the completely loaded translocator (see appendix) do change and can 
no longer be treated as a constant. This has in fact been found the­
oretically by Barts [19). It remains to be elucidated, however, if 
this can indeed occur and if such effects can be different at pH β 
from those at pH 7 . 2 . 
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APPENDIX 
In [1] the general rate equations describing ion uptake via a 1-1 
co-transport and a 1-2 co-transport are given (eqn. Al and A3, re­
spectively). In the case of a 1-1 co-transport of one univalent an­
ion (s ) with one univalent cation (s.), where the ions bind to the 
translocator in random order, the kinetic parameter f=V./K . is 
ι iBt ι 
given by 
Vi SJ 
F = · (1) 
K1 (K.+Sjy) 
where K, is the dissociation constant of the cation with the ca­
tion-binding site on the translocation mechanism, K. is the dissoci­
ation constant of the anion, у is related to the surface potential i> 
G 
by 
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y = exp ( - q φ
 o
 / kT ) (2) 
where q is the absolute value of the charge of the electron, к is the 
Boltzmann constant and Tis the value of the temperature in degrees 
Kelvin. For negatively charged membranes у > 1. At infinitely high 
concentrations of the cation s. F can be approximated by 
Vi 
F = (3) 
In case of the 1-2 co-transport F i s g iven by a quadratic r e l a t i o n 
(see [ 1 ] ) . 
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CHAPTER V 
Absence of a Na -sulphate co- transport 
in the yeast Saccharomyces cerevlsloe 
SUMMARY 
Based on the striking similarity between the sulphate and the phosp­
hate uptake in the yeast Saccharomyces cerevlslae the possible exist­
ence of a Na -sulphate co-transport was investigated. 30 mM Na and 
К equally stimulated the sulphate uptake, in contrast with phosp­
hate uptake. The latter is stimulated much more by Na . In view of 
these results it is suggested that there is no Na -sulphate 
co-transport in this yeast. 
INTRODUCTION 
In several respects, the kinetics of sulphate uptake by yeast resem­
ble those of phosphate uptake. Both ions appear to be co-transported 
with protons (or exchanged for cellular OH -ions) (1,2). Also both 
transport systems are inducible. The dependence of sulphate uptake 
on the sulphur starvation period [3] is similar to the dependence of 
phosphate uptake on the phosphor starvation period [4]. In addition 
effects of cell pH [2,5], 2,4-dinicrophenol [1,6] and divalent ca­
tions [2,7] are qualitatively similar. These findings indicate that 
phosphate and sulphate are taken up via similar transport systems. 
On the other hand, the sulphate transport system is not identical 
with the phosphate transport system. Phosphate ions do not inhibit 
sulphate uptake in a competitive way [1], and sulphate ions do not 
inhibit phosphate uptake [8] 
Besides the above mentioned inducible H -phosphate co-transport 
there is also an inducible Na -phosphate co-transport [9,10]. This 
system is induced parallel to the H -phosphate co-transport. Based 
on the similarity between the sulphate and the phosphate uptake it 
might be possible that a co-transport of sulphate with Na ions oc-
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TABLE I. Effect of 30 mM Na+ and K+ on the initial rate of 
sulphate and phosphate uptake in yeast at pH 7.2. 
control + Na+ + K+ 
Sulphate 
V
o
(xl0') 
% 100 173 171 
Phosphate : 
V (xlO a ) 10.02 ± 2 . 6 8 30.46 ± 2 . 0 3 18.С 
о 
% 100 304 180 
 ( lO*  26.93 ± 4 . 7 2 46.68 12.02 45.96 ± 8 . 7 7 
The concentration of both ions was 1 yM. V , the initial rate op uptake, is 
о 
expressed as mmoles per minute per kg dry weight. Na and К were added as 
chloride salts together with phosphate. The results are means of duplicate 
measurements, ± standard deviation. 
curs, as wel l . In t h i s paper evidence i s presented against t h i s pos­
s i b i l i t y . 
MATERIALS AND METHODS 
Yeast c e l l s , Saccharomyces cerevlsiae s t ra in D e l f t I I , were starved un­
der aerat ion overnight. After starvat ion , the c e l l s (2%, w/v) were 
washed twice with 25 mM HEPES -buffer that was adjusted to pH 7.4 
with imidazole. The c e l l s were incubated in t h i s buffer for 2 hrs i n 
the presence of 3 % glucose (w/v) at 25 "C. N . was bubbled through 
the suspension cont inuously. At the end of t h i s preincubation per i ­
od, the pH of the suspension was 7.2. Sulphate and phosphate uptake 
were then performed as described in {1] . 
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FIGURE 1: Effect of Na (о) end (·) К on the ζ potential of the yeast cell at pH 7.2 
Methods 
The С potential was measured as described In Materials and 
Na and К were added as chloride s a l t s . 
C e l l e l e c t r o p h o r e t i c m o b i l i t i e s were measured a t 25 'C u s i n g a r e c ­
t a n g u l a r c u v e t t e and a p p a r a t u s a s d e s c r i b e d by Fuhrmann et al [ 1 1 ] . 
The c o m p o s i t i o n o f t h e b u f f e r s o l u t i o n was 25 mM HEPES a d j u s t e d t o pH 
7 . 2 w i t h i m i d a z o l e . From t h e e l e c t r o p h o r e t i c m o b i l i t y t h e С p o t e n ­
t i a l ( f o r t h e meaning s e e r e f . 1 2 ) was c a l c u l a t e d u s i n g t h e Helm-
h o l t z - S m o l u c h o w s k i e q u a t i o n [ 1 3 ] . 
RESULTS AND DISCUSSION. 
S t u d i e s o f Na - p h o s p h a t e с о - t r a n s p o r t a r e c a r r i e d o u t a t pH 7 . 2 . At 
t h a t pH t h e c o n t r i b u t i o n o f t h e Η - p h o s p h a t e c o - t r a n s p o r t s y s t e m i s 
r e l a t i v e l y s m a l l . T h i s s tudy aimed t o examine whether t h e r e e x i s t s a 
s p e c i f i c Na - s u l p h a t e c o - t r a n s p o r t . I t may be e x p e c t e d t h a t a t pH 
7 . 2 t h e c o n t r i b u t i o n o f t h e Η - s u l p h a t e c o - t r a n s p o r t w i l l be l i k e ­
w i s e s m a l l . However, i t might be p o s s i b l e t h a t a s p e c i f i c e f f e c t s o f 
6 8 
2+ 
monovalent cations are also involved. At pH 4.5 for example Ca sti-
+ 3+ 2+ 2+ 2+ 
mulates the H -phosphate co-transport [ 1 ] and Cr , Ca , Mg , Sr , 
2+ 2+ + + + 
Zn , Mn , К and Li stimulate the Η -sulphate co-transport due to 
a reduction of the negative surface potential [2]. These 
non-specific effects are expected to be mainly due to screening of 
the negative groups on the membrane surface. In order to distin­
guish between indirect effects and a possible Na -sulphate 
co-transport, phosphate and sulphate uptakes were measured at pH 7.2 
in the absence and presence of 30 mM К and 30 mM Na , respectively. 
The results are shown in Table I. 
The absence of cation selectivity in the stimulation of the sulp­
hate uptake may be traced to an effect of these cations excerted pos­
sibly via a reduction of the negative surface potential. At the pH 
applied, namely, К -ions reduced the ζ potential of the yeast cell as 
effectively as Na -ions (figure 1). Part of the stimulation of the 
phosphate uptake by Na could also be due to an electrostatic ef­
fect, whereas the excess in stimulation as compared to the effect of 
К should be ascribed to the Na -phosphate co-transport. These 
findings are in contrast, however, with the findings of Roomans et al 
2+ [2] that sulphate uptake at high pH was not affected by Ca -ions up 
to 100 mM. Moreover, phosphate uptake via the Η -phosphate 
2+ + 
co-transport is inhibited at high pH by Ca [1], whereas 15 mM Na 
does not stimulate the Η -phosphate co-transport at pH 7.2 [3] . The 
reason for this discrepancy is not clear. Wether the effect of К and 
in the case of sulphate transport also the effect of Na is indeed 
due to a reduction of the surface potential should be confirmed by 
measuring the concentration dependence of sulphate and phosphate 
uptake in the presence of these cations. If surface potential ef­
fects are involved one should expect in the case of К only a single 
Michaelis-Menten relation for phosphate uptake (a straight line in 
the Hofstee-plot) but with a decreased К as compared to the con­
trol, while for Na a deviation from a single Michaelis-Menten re­
lation (due to the Na -phosphate co-transport) is expected. For 
sulphate uptake linear Hof stee-plots should be found with or without 
both cations. In view of the results presented so far we tentatively 
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suggest that there is no Na -sulphate co-transport in S.cerevlsiae. 
Experiments aimed to support this notion are in progress. 
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CHAPTER VI 
2+ 2+ 
Uptake and a c c u m u l a t i o n o f Mn and Sr 
i n Saccharomyces cerevisiae 
B.J.W.M. Nieuwenhu is , C.A.G.M. W e i j e r s 
and G.W.F.H. B o r s t - P a u w e l s 
R e p r i n t e d ( w i t h p e r m i s s i o n ) from : B i o c h i m i c a e t B i o p h y s i c a A c t a 
v o l . 6 4 9 , pp Θ3-Θ8 ( 1 9 8 2 ) 
ABSTRACT 
2+ 2+ Initial uptake of Mn and Sr in the yeast Saccharomyces cerevisiae 
was studied in order to investigate the selectivity of the divalent 
cation uptake system and the possible involvement of the plas-
ma-membrane ATPase in this uptake. The initial uptake rates of the 
two ions were not significantly different. This ruled out a direct 
role of the plasma-membrane ATPase, since this ATPase is specific 
2+ 2+ 2+ 
for Mn compared to Sr . After 1 h uptake, Mn had accumulated 
2+ 2+ 2+ 
10-times more than Sr . Influx of Mn and Sr remained unchanged 
during that time, however. The differences in accumulation level 
2+ 2+ 2+ 
found for Mn and Sr could be ascribed to a greater efflux of Sr 
2+ 2+ 
as compared with Mn . Probably this greater efflux of Sr was only 
apparent, since differential extraction of the yeast cells revealed 
2+ 2+ 
that Mn is more compartmentalised than Sr , giving rise to a lower 
2+ 
relative cytoplasmic Mn concentration. 
INTRODUCTION 
The presence of a transport system for divalent cations in the yeast 
cell membrane was demonstrated by Rothstem et al [ 1]. The uptake was 
remarkably stimulated when the cells were pretreated with phosphate 
in the presence of glucose (1,2]. The system was found to be selec-
2+ 2+ 2+ 2+ 2+ 
tive for Mg and Mn , the affinity series being Mg , Co > Zn > 
Mn > Ni > Ca > Sr [1,2] Fuhrmann et al [3] found the same se-
quence for the activation of the plasma-membrane ATPase and sug-
gested that this ATPase was directly involved in the transport of 
divalent cations. Peters and Borst-Pauwels [4], using a more puri-
fied preparation of the plasma-membrane ATPase, found also an acti-
2+ 2+ 2+ 2+ 
vation by Co and Mg , but no activation by Ca and Sr up to 50 
2+ 2+ 2+ 
mM. Moreover, the Mg -ATPase was inhibited by Ca and Sr . 72 
The selectivity of the uptake system was concluded from measure-
ments of uptake over long periods of time, even more than 1 h [1,2] . 
However, it might well be possible that the initial rates of uptake 
are not much different, a fact that may readily escape attention 
2+ 2+ 
[5] . According to Fuhrmann eí al [3] Sr is not taken up whereas Ca 
is still accumulated though at a slow rate. Roomans et al [5], deter-
2+ 
mining initial rates of uptake, found Sr uptake rates that were not 
2+ 2+ 2+ 
much different from those of Ca . We have studied Mn and Sr up-
take m order to see if the same selectivity is found in the initial 
uptake of these ions as was found over longer periods of time or if 
there is no selectivity as far as initial rates of uptake are con-
cerned. A preliminary report of this work has been presented else-
where [6] . 
MATERIALS AND METHODS 
Yeast cells, Saccharomyces cerevlslae strain Delft II, with a low 
phosphate content were starved under aeration. After starvation, 
the cells (2%, w/v) were washed and incubated for 1 h at 25 "C in 45 
mM Tris succinate (pH 5.0) provided with 3% glucose (w/v), 10 mM Tris 
phosphate and 0.1 mM MgCl.. The cells were kept anaerobically by 
bubbling nitrogen through the suspension. After the incubation pe-
riod the cells were washed twice and incubated for 20 min in 45 mM 
Tris succinate (pH 7.0) provided with 3% glucose (w/v) at 25 'C, 
2+ 2+ 
again under anaerobic conditions. Uptake of Mn and Sr (added to 
the medium as chloride salts) was studied using "Sr and "Mn, re-
spectively, as a tracer with the technique described by 
Borst-Pauwels et al. [7]. Samples of the yeast suspension were 
washed with ice-cold 50 mM EDTA (adjusted to pH 8.5 with NaOH), fil-
tered and dried with acetone; the radioactivity was determined by 
means of an end-window Geiger-Muller tube in the case of "Sr and a 
scintillation probe (containing a Na-Tl crystal) in the case of 
"Mn. Plasma-membrane ATPase was isolated and purified according to 
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Ref.4. The Mg -ATPase activity was determined by measuring ortho-
phosphate liberation from 2 mM Na,-ATP (vanadate-free; Boehringer 
Mannheim) in a 50 mM Tris/50 mM buffer (pH 6.9) containing 1 mM MgCl, 
and 250 mM KCl, as described in Ref .4. 
Differential extraction of soluble pools with DEAE-Dextran was 
performed according to Ref.8. For this extraction cells of a 
non-flocculant brewing yeast, Saccharomyces cerevìsìae strain A294 
(obtained from Whitbread and Co., Ltd., Luton, U.K.) were used. The 
cells were grown on a medium containing 10 g Yeast extract (Difco), 
20 g Bactopeptone (Difco), 20 g glucose, 2 g McfCl .Η,Ο, 39.6 g ΚΗ,ΡΟ. 
and 0.4 g K2HP04.3H20 per 1. The pH was adjusted to pH 4.5 with HCl. 
After harvesting in the early exponential phase of growth by centri-
fugation, the cells were washed twice with 45 mM Tris succinate buf­
fer (pH 7.0). After 20 min incubation in this buffer, provided with 
3% glucose (w/v), the cells were incubated for 1 h with 1 mM of the 
respective divalent cation. The incubations were performed under 
anaerobic conditions and at 25 "C. Control cells were incubated in 
the same way without further additions. Immediately after this incu­
bation period the cells were extracted with DEAE-Dextran (Pharmaci-
a, Uppsala, Sweden), for details see under Results. The amounts of 
Mn and Sr in the different fractions were determined with an atomic 
absorption spectrophotometer (Beekman-1272), the amount of К was 
measured with a Zeiss flame spectrophotometer. Electron spin reso-
2+ 
nance spectra of Mn in the Tris succinate buffer and in aguadest 
were recorded with a Vanan EPR Spectrometer at room temperature. 
RESULTS 
2+ 2+ The uptake of Mn and Sr during 60 min is shown in Fig.l. Between 
2+ 2+ 
approximately 5 and 60 min Mn accumulated much more than Sr , just 
as has been found by Rothstem et al [1] . The uptake within the first 
5 min is shown in the inset of Fig.l. Since the uptake showed devi-
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ations from linearity after 30 s the initial rates were calculated 
using first-order reaction kinetics. Fig.2 shows the initial rate of 
2+ 2+ Mn and Sr uptake calculated in this way. The initial uptake rate 
of the two ions was not significantly different, however. 
2+ 2+ 
The low accumulation of Sr compared to Mn may be explained in at 
least two ways. Evidence has been presented that the membrane poten­
tial can drive the uptake of divalent cations in yeast [5,9). Since 
it has been suggested that the plasma-membrane ATPase might act as a 
proton pump [10], this enzyme may be involved indirectly in the up­
take of divalent cations by generating an electrogenic potential 
across the yeast cell membrane If this is true, the difference in 
2+ 2+ the amount of Sr and Mn taken up after prolonged incubation may 
be due to either an impairment of the plasma-membrane ATPase by the 
2+ Sr accumulated into the cells, or an enhancement of that enzyme by 
2+ 2+ 
the Mn accumulated. By this either the Sr influx rate decreases 
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2+ 2+ 2+ 
during Sr uptake or the Mn uptake rate increases during Mn up-
2+ 
take. In support to this hypothesis we found that the Mg -ATPase ac­
tivity of the purified membrane preparations was inhibited for 
aires 
36%. 
2+ '>+ 
already 22% by 1 mM Sr , while 1 mM Mn" enhanced this activity with 
To test this possibility further we examined whether the "Sr in-
2+ 
flux rate decreases on incubating the cells with 1 mM Sr by compar­
ing the influx of "Sr with that of the isotope after 1 h incubation 
2+ 
with 1 mM Sr . The results of this experiment are shown in Fig.3. 
There was no significant difference between both influx rates. This 
2+ 
was also found for "Mn uptake in the presence of 1 mM Mn (Fig 4). 
Therefore« changes in the influx rate cannot explain the observed 
difference in accumulation between the two cations. 
2+ A second possibility is that Sr is extruded via a specific efflux 
2+ 
mechanism for which Mn has no or low affinity. The uptake rate of 
2+ Sr between 30 and 60 min incubation in the experiment of Fig.3 was 
0.053 nunol/kg dry weight per min. Since the initial influx rate of 
2+ 
"Sr after 60 m m incubation with 1 mM Sr was 0.76 nunol/kg dry 
weight per min, apparently there must be an efflux of 0.71 mmol 
Sr /kg dry weight per m m under these conditions The experiment of 
2+ 2+ 
Fig.4 with Mn gives an efflux of 0.53 mmol Mn /kg dry weight per 
m m . Cells preloaded for 1 h with carrier free ''Sr and "Mn also 
showed an extrusion of the isotope. These extrusions were not af­
fected by the presence of 1 mM of the unlabeled cation in the medium 
(results not shown) The relative rate of efflux of the divalent ca­
tions (i.e., efflux rate divided by total intracellular concen-
2+ 2+ 
tration) was 0.12 and 0 04 for Sr and Μη , respectively. 
2+ Therefore, the rate by which Sr leaves the cells may be 3-times 
2+ 2+ 
higher than the efflux rate of Mn .A more pronounced efflux of Sr 
2+ 
compared to Mn could easily explain the difference in accumulation 
found after 1 h incubation. 
Since there are indications that Mn is accumulated in the vacuole 
of the yeast cell [11], it is also possible that the different rates 
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TABLE I. D i s t r i b u t i o n of Mn2+, S r 2 + and K+ i n c e l l s of 
Saccharomyces cerevlsiae ( s t r a i n A294) . 
DEAE-Dextran 60% methanol 
f r a c t i o n f r a c t i o n 
(%) (%) 
M n
2 + 
Sr 2 + 
K+ 
Mn -loaded cells 
Sr2+-loaded cells 
control cells 
Mn -loaded cells 
Sr2+-loaded cells 
10 
29 
37 
80 
47 
± 
± 
± 
± 
± 
0 
1 
6 
10 
3 
90 
71 
63 
20 
53 
± 
± 
± 
± 
± 
0 
1 
6 
10 
3 
Cells were loaded as described in Materials and Methods. Washing of the 
c e l l s and the e x t r a c t i o n s were c a r r i e d out a t 0-4 °C. The following 
so lut ions were used: 10 mM MES/10 mM TRIS (pH 6; buf fer) ; 0.7 M s o r b i t o l in 
buffer (buffered s o r b i t o l ) ; and 60% methanol (v/v) in buffer. The c e l l s (7 
mg dry weight per ml) were washed twice with buffer and once with buffered 
s o r b i t o l . After these washings the c e l l s were resuspended in buffered 
s o r b i t o l . A small amount of a DEAE-Dextran s o l u t i o n in buffered s o r b i t o l 
was added under mixing to give a f inal concentrat ion of 0.3 mg DEAE-Dextran 
per ml. After 1 min incubation the c e l l s were centr i fugea, the remaining 
c e l l p e l l e t was washed with buffered s o r b i t o l and immediately centr i fugea. 
Both supematant s were col lected (DEAE-Dextran f r a c t i o n ) ; the c e l l s were 
then resuspended in 60% methanol and immediately centrifuged. The remaining 
c e l l - p e l l e t was washed with buffer and centrifuged again. Both supernatants 
were c o l l e c t e d (бО0«, methanol f r a c t i o n ) . The amounts are presented as 
percentage of the t o t a l amount of the two f r a c t i o n s , ± S.D. (n=3). 
2+ 2+ 
of e f f l u x of Mn a n d Sr a r e o n l y a p p a r e n t and s h o u l d b e a s c r i b e d t o 2+ 
a p r e f e r e n t i a l a c c u m u l a t i o n of Mn i n t h e v a c u o l e s . R e c e n t l y , Hu-
b e r - W ä l c h l i and Wiemken [8] h a v e d e v e l o p e d a me thod f o r s t u d y i n g l o -
c a l i s a t i o n of m e t a b o l i t e s and enzymes w i t h i n t h e y e a s t c e l l . I n t h i s 
method f i r s t t h e p l a s m a membrane i s r a p i d l y d i s r u p t e d by a s m a l l 
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dose of DEAE-dextran under isotonic conditions. Vacuolar mem­
branes, in contrast, remain intact and the vacuoles can be extracted 
in a second step with 60% (v/v) methanol. Since cells of the strain 
Delft II so far used in this study were resistant against lysis, use 
was made of another strain for these extractions (see under Material 
and Methods). With cells of this strain essentially the same results 
2+ 2+ 
were found for the uptake of Mn and Sr (results not shown). Table 
I shows the results of a typical extraction experiment carried out 
2+ 
with cells of this strain. Almost all the Mn accumulated in the 
cells was found m the second extraction step, while this was less 
2+ + 
pronounced for Sr . The partition of К differed only slightly from 
2+ that of Sr and was not affected much by loading of the cells with 
2+ 2+ + 
Sr In the presence of Mn there seemed to be a shift of the К to 
the DEAE-Dextran fraction. Since in this strain the volume of the 
cytosol compared to that of the vacuoles and other organelles is not 
known, it is difficult to interpret our results in terms of concen­
tration gradients and to compare them with results from X-ray micro­
analysis [12] or other published results on differential extraction 
of yeast cells [8,11,13,14]. 
2+ It has been suggested that Mn would give complex formation with 
succinate [2], one of our buffer components, which may give rise to 
an underestimation of the concentration of the free divalent cation 
in the buffer and therefore an underestimation of the initial uptake 
2+ 
rate for this ion. Via ESR [15] we have determined the amount of Mn 
that may be bound to succinate or Tris at pH 7. At maximum 35% of the 
2+ Mn appeared to be involved in complex formation. 
DISCUSSION 
After Rothstein et al.[l] demonstrated in 1958 the energy-dependent 
uptake of divalent cations in yeast it has generally been accepted 
2+ 2+ 2+ 
that this uptake is selective for Mg and Mn compared to Ca and 
2+ Sr . A similar affinity series for the divalent cation activation 
of the isolated plasma-membrane ATPase as for the uptake in whole 
79 
cells, found during prolonged incubation, has led to the suggestion 
by Fuhrmann ei σ/[3] that the ATPase is directly involved in the diva­
lent cation transport in whole cells The initial uptake rates do 
not differ significantly, however. This means that the uptake is 
not selective for these divalent cations and that the different ac­
cumulation over longer periods of time cannot be interpreted in 
terms of selective uptake of these cations. This rules out a direct 
role of the plasma-membrane ATPase in this transport since this AT­
Pase il 
[3,4]. 
2+ 2+ 2+ 2+ 
Разе is highly specific for Mg and Mn compared to Ca and Sr 
2+ Interference of the buffer components with Sr can be neglected 
2+ 2+ 
[15,16] while that for Mn is small. Corrections in the rate of Mn 
2+ 
influx for this decrease in the free Mn concentration are at maxi­
mum 35%. Although this value is an overestimation, since the uptake 
of divalent cations shows saturation kinetics, a low selectivity for 
2+ Mn cannot be excluded. 
The difference between the net uptake rate of the two ions found 
after 1 h and the influx rate at this time points to the involvement 
2+ 
of an efflux mechanism for these ions. Similarly, efflux of Ca from 
yeast cells has already been demonstrated by Boutry et al. [9], in 
2+ 2+ 2+ 
contrast to earlier findings for Mg , Mn [1] and Zn [18,19]. 
2+ Ca -efflux mechanisms have been demonstrated in animal cells [20], 
in bacteria for example Streptococcus faecahs [ 21 ], Myobacterlum phlel 
[22], Escherichia coll[23] and in the fungus Neurospora crossa[24] . 
These efflux systems are supposed to give the cell a good opportu-
2+ 
nity to regulate the level of free Ca in the cytoplasm [25]. The 
2+ 2+ 
greater efficiency by which Sr is extruded, compared to Μη , is 
most likely the cause for the divalent cation selectivity that is 
found during prolonged incubation However, the more rapid efflux 
2+ 
of Sr may only be apparent. The concentration of the free divalent 
cation in the cytosol may be regulated by storage in organelles like 
the vacuole, as has been suggested by Okorokov et o/[ll], or by bind­
ing to cell components Our results with the differential extraction 
2+ procedure suggest that Mn is compartmentalised to a higher extent 
80 
2+ than Sr This could explain the smaller relative efflux rate of 
2+ 2+ 2+ 
Mn compared to Sr , because then the free Mn concentration in 
the cytosol is decreased due to a higher compartmentalisation. 
2+ + 
Our results for Mn and К m this differential extraction proce­
dure are in good agreement with those of the group of Okorokov 
[11,13,14] with Saccharomyces carlsbergensis. In this yeast К accumu­
lates predominantly in the vacuoles of cells in the mid-exponential 
2+ 2+ + 
growth phase and on Mg and Mn accumulation into these cells a К 
efflux from the vacuoles was found [14]. The uneven distribution of 
К and the divalent cations was assumed to be created by special 
transport systems localised in the vacuolar membrane. If this sup-
2+ 2+ 
posed transport system is highly selective for Mn compared to Sr 
2+ this would indeed lead to more accumulation of Mn in the vacuoles. 
Selectivity for uptake m yeast vacuoles has in fact been found for 
basic amino acids [8,26] and purines [27]. 
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CHAPTER VII 
E f f e c t o f e th id iumbromide and EDAC on Mn and 
2+ Sr uptake and accumulation 
i n Saccharomyces cerevlsiae 
SUMMARY 
The effects of the cationic dye ethidiumbromide (EB) and the carbo-
dximide EDAC (see Abbreviations) on the uptake and accumulation of 
2+ 2+ Mn and Sr in Saccharomyces cerevisiae were examined. EB was found to 
interfere with this process in two ways. First, the influx of both 
2+ ions was increased although this increase was greater for Sr than 
2+ 2+ 2+ 
for Mn . Second, EB decreased Mn accumulation far more than Sr 
accumulation, which was mainly due to an increase in accumulation of 
2+ Sr . The latter effect may be caused by an increase in the permea-
2+ 2+ 
bility for Sr of the membrane of the vacuole in which Mn is stored 
2+ preferentially, thus allowing Sr also to be accumulated in the va-
2+ 
cuole. EDAC, on the other hand, hardly affected Sr uptake and accu-
2+ 
mulation but strongly decreased the accumulation of Mn . It was 
suggested that EDAC interferes mainly with the membrane of the va-
2+ 
cuole, thereby blocking the accumulation of Mn in this compart-
ment. 
INTRODUCTION 
The different levels of accumulation of divalent cations in yeast 
after prolonged incubation have long been thought to be the conse-
2+ 2+ 2+ 
quence of a selective uptake of Mg and Mn compared to Ca and 
2+ 2+ 2+ 
Sr [1,2]. The initial uptake rates of Mn and Sr in Saccharomyces 
cerevisiae were not significantly different, however [3], and it was 
2+ 2+ 
concluded that a greater efflux of Sr compared to Mn could de-
scribe the differences in accumulation after prolonged incubation. 
This greater efflux may only be apparent since differential ex-
traction of the yeast cells, according to the method of Wiemken and 
2+ 
co-workers [4], revealed that Mn is selectively accumulated in a 2+ 
cell compartment , in which Sr did not penetrate easily. By this 
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2+ 
the cytoplasmic level of Mn will be kept relatively lower than that 
2+ 
of Sr [3]. In the yeast Saccharomyces carlsbergensls vacuoles are in-
2+ 2+ 
volved in the regulation of the cytoplasmic Mg and Mn concen-
tration [5-7]. The vacuolar membrane is thought to contain a trans-
port system that mediates divalent cation translocation from cyto-
plasm to vacuoles [7]. Recently, the ATPase activity in this 
membrane was characterized [8,9] and an ATP-dependent formation of 
an electrochemical potential difference of protons of 180 mV, with a 
contribution of 1.7 pH units (interior acid), was demonstrated in 
vacuolar membrane vesicles [8,10]. It was suggested that this pro-
ton gradient could be the energy donating system for a specific di-
valent cation antiporter in the vacuolar membrane [8]. Uptake and 
accumulation of divalent cations in yeast thus seems to be a compli-
cated process. There is an influx system with no or hardly any selec-
tivity [3]. In addition an efflux system for divalent cations 
across the plasmamembrane may be involved in the regulation of the 
divalent cation concentration in the cytoplasm [3,11,12]. More-
over, there is a compartment, presumably the vacuole, for storage of 
divalent cations [7] . Although it is not completely certain that di-
valent cations are stored in the vacuole (at least not for 
S.cerevisiae) we will talk in this chapter about the vacuole instead of 
2+ the more general term compartment when dealing with the Mn storage 
2+ 
compartment. An alternative explanation for the selective Mn accu-
2+ 2+ 
mulation as compared to Sr is, that Sr is extruded selectively 
2+ 2+ from the cytoplasm via a specific Sr (Ca ) pump. As will be shown, 
2+ however, in this paper, selective storage of Mn in the vacuole is a 
2+ 
more likely cause for the selective accumulation of Mn . 
Carbodnmides are well known carboxylgroup activating reagents and 
their attack is supposed to result in an alteration of the membrane 
conformation [13]. At high concentrations of EDAC membrane dis-
ruption is found in yeast (Borst-Pauwels,G.W. F.H. et al, in prepara-
tion) but the low concentration of EDAC applied in this study does 
not result in membrane disruption. Fuhrmann has found that the car-
2+ bodnmide EDAC inhibited Mn uptake as well as the ATPase activity 
in the plasma membrane of yeast cells [14-16] suggesting a direct 
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role of this ATPase in divalent cation transport in yeast. Although 
the role of this ATPase was found to be only indirect [3], this com-
pound EDAC could be a valuable tool m studying the mechanism of di-
valent cation uptake and accumulation in yeast. Pena and 
co-workers, on the other hand, have found that cationic dyes like 
2+ 2+ 
ethidiumbromide (EB) stimulated Ca uptake as well as Mn uptake in 
2+ yeast [17,18]. This stimulation, however, was greater for Ca than 2+ for Mn [17], for which the authors did not give an explanation. 
The effects of both EDAC and EB on the uptake and accumulation of 
2+ 2+ Mn and Sr in S.cerevisiae were tested therefore in order to gain 
more insight in this process. 
MATERIALS AND METHODS 
Yeast cells, Saccharomyces cerevisiae strain Delft II with a low phosp-
hate content were starved under aeration. After starvation, the 
cells (2%, w/v) were washed and incubated for 1 h at 25 °C in 45 mM 
Tris succinate (pH 5.0) provided with 3% glucose (w/v), 10 mM Tris 
phosphate and 0.1 mM MgCl.. The cells were kept anaerobically by 
bubbling nitrogen through the suspension. After the incubation pe-
riod the cells were washed twice and incubated for 20 min in 45 mM 
Tris succinate (pH 7.0) provided with 3% glucose (w/v) at 25 'C, 
again under anaerobic conditions. Cells of the non-f locculant brew-
ing yeast Saccharomyces cerevisiae strain A294 (obtained from Whitbread 
and Co., Ltd., Luton, U K. ) were grown as described in [3]. After 
harvesting in the early exponential phase of growth by centrifuga-
tion, the cells were washed twice with 45 mM Tris succinate buffer 
(pH 7 0) and incubated for 20 min in this buffer, provided with 3% 
glucose (w/v) at 25 "C again under anaerobic conditions Uptake of 
2+ 2+ 
Mn and Sr (added to the medium as chloride salts) was studied us-
ing "Sr and "Mn, respectively, as a tracer with the technique de-
scribed by Borst-Pauwels et al [7] Samples of the yeast suspension 
were washed with ice-cold 50 mM EDTA (adjusted to pH 8.5 with NaOH), 
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EB. The bars denote standard deviation (duplicate measurements) 
added at t=0. 
с 2 + 1 : Sr plus 
EB was 
f a l t e r e d and d r i e d w i t h a c e t o n e ; t h e r a d i o a c t i v i t y was d e t e r m i n e d by 
means o f an end-window G e i g e r - M u e l l e r t u b e i n t h e c a s e o f " S r and a 
s c i n t i l l a t i o n probe ( c o n t a i n i n g a Na-Tl c r y s t a l ) i n t h e c a s e o f 
*»Mn. 
Ethidlumbromide (from B o e h n n g e r ) and EDAC (from Sigma) were d i s ­
s o l v e d i n 45 mM T R I S / s u c c i n a t e (pH 7 . 0 ) and, u n l e s s o t h e r w i s e s t a t e d 
were added t o t h e c e l l s t o g e t h e r w i t h t h e i s o t o p e s . 
RESULTS AND DISCUSSION 
2+ 2+ 
The e f f e c t o f 3 mM EB on t h e a c c u m u l a t i o n o f Mn and Sr i n t h e 
s t r a i n Del f t II i s shown in f igure 1. There was a rapid accumulation 
of both ions during the f i r s t 10 to 20 minutes, fol lowed by a slower 
2+ 
accumulation during the r e s t of the incubation period. While Sr i n 
Θ9 
TABLE I Effect of 3 mM ЕВ and 10 тМ EDAC on the accumulation ratio 
2+ 2+ 
of Mn and Sr in yeast 
Accumulation ratio Mn / Sr 
Delft II η A294 η 
a d d i t i o n a t t = 0 min 
c o n t r o l a t t = 6 0 m m 8 . 6 ± 0 . 2 2 3 . 0 ± 0 . 5 2 
+ EB a t t = 6 0 min l . l i O . O 2 0 . 9 ± 0 1 2 
+ EDAC a t t = 6 0 m m 1.0 1 n . d . 
a d d i t i o n a t t = 5 2 min 
c o n t r o l a t t = 5 0 m m 7 . 2 ± 0 . 1 2 3 . 1 1 
c o n t r o l a t t = 1 2 0 m m 1 5 . 0 ± 0 . 0 2 3 . 4 1 
+ EB a t t = 1 2 0 m m 3 5 1 0 . 9 1 
+ EDAC a t t = 1 2 0 m m 3 . 5 1 n . d . 
I n h i b i t o r s were added at the indicated times (0 and 60 min). The 
2+ 2+ 
accumulation r a t i o i s the amount of Mn in the c e l l s t h a t received Mn 
2+ 2+ 
divided by the amount of Sr in the c e l l s t h a t received Sr , a t the 
indicated t imes. When indicated the values are means, t s . d . , n .d. i s not 
determined, and η i s the number of experiments. 
t h e p r e s e n c e of EB seemed t o a c c u m u l a t e somewhat f a s t e r i n t h e f i r s t 
p e r i o d , t h e a c c u m u l a t i o n i n t h e s e c o n d p e r i o d was somewhat l e s s t h a n 
2+ Mn . A f t e r a p p r o x i m a t e l y o n e h o u r , h o w e v e r , t h e a c c u m u l a t i o n r a t i o 
2+ 2+ 
of Mn ver5U5 Sr was 1 . 1 , c o m p a r e d t o a r a t i o of Θ.6 f o r t h e c o n t r o l 
c e l l s w i t h o u t EB ( s e e t a b l e I ) . E s s e n t i a l l y t h e same r e s u l t s w e r e 
f o u n d f o r t h e s t r a i n A294, a s shown i n t a b l e I . As e x p e c t e d from t h e 
i n c r e a s e i n a c c u m u l a t i o n i n t h e f i r s t p e r i o d , t h e i n i t i a l u p t a k e 
r a t e s w e r e i n c r e a s e d , t o o ( t a b l e I I ) . J u s t a s h a s b e e n f o u n d by P e n a 
2+ , + 2+ 
[ 1 7 ] f o r Ca and Mn" t h i s i n c r e a s e was g r e a t e r f o r Sr t h a n f o r 2+ Mn . A p p r o x i m a t e l y a 2- t o 3 - f o l d i n c r e a s e i n t h e i n i t i a l u p t a k e 2+ 
r a t e of Mn was f o u n d and a б - f o l d i n c r e a s e f o r t h e i n i t i a l u p t a k e 
2+ 2+ 2+ 
r a t e o f Sr . EB t h e r e f o r e d i d e f f e c t Mn and Sr u p t a k e i n two 
9 0 
TABLE II Effect of 3 mM EB and 10 mM EDAC on the initial uptake 
rate of Mn2+ and Sr2+ in Delft II. 
V (mmoles / min / kg dry weight) 
Mn 2 + control 0 48 ± 0.12 
+ EB 1.17 ± 0.09 
+ EDAC 0 19 ± 0.14 
Sr2+ control 0 43 ± 0.01 
+ EB 2.44 ± 0.03 
+ EDAC 0.38 ± 0.01 
Initial uptake rates were determined as described in [3] The results are 
means of duplicate measurements, ± s d 
ways. First, the influx of both ions increased and second, the dif-
ference in accumulation between the two ions disappeared. The lat-
2+ ter effect may indicate that in the presence of EB Sr can reach the 
2+ 
vacuole while Mn is less accumulated in the vacuole than without 
EB. EB thus seems to cause an increase in the permeability of the 
membrane of the vacuole. Theuvenet et al have found that in the pres-
ence of EB part of the yeast cells were disrupted in an all-or-none 
2+ 2+ 
response [19]. The accumulation levels of Mn and Sr in the pres-
ence of EB could therefore be underestimated and the decrease in ac-
2+ 
cumulation of Mn should be much less different from that without 
2+ EB. The efflux of Mn must be increased then to deal with the in-
2+ 
creased influx. The increase in accumulation of Sr could be ex-
plained as a result of the accumulation in the vacuole. If the efflux 
2+ 
rate of Sr did increase too, th] 
to deal with the increased influx. 
is increase is obviously not enough 
2+ 2+ When the yeast cells had already accumulated Mn and Sr for 50 
2+ 
minutes before EB was added to the cells, the net uptake rate of Mn 
2+ 
was slowed down after addition of EB but that for Sr increased 
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2+ 2+ FIGURE 2: Effect of 3 mM EB on accumulated Mn and Sr The arrow 
indicates the time that EB (dissolved in buffer with 3% glucose) was added, 
at the same time the controls received only buffer with 3% glucose. For 
meaning of the symbols and for further details see figure 1. 
(fig.2). As a consequence the accumulation ratio decreased from 15.0 
2+ to 3.5 (table I). In A294 the difference in accumulation of Sr and 
2+ Mn disappeared completely after 120 min. In fact in A294 there was 
2+ 
no net extra uptake of Mn after addition of EB showing that influx 
and efflux were equal under that condition. Therefore, if the influx 
was increased in the presence of EB, the efflux must be increased, 
2+ too. In Delft II the results indicated that efflux of Mn increased. 
This efflux, however, was still lower than the influx. These re­
sults are in good agreement with the results of figure 1 where both 
2+ 2+ 
influx and efflux of Mn were found to increase. For Sr the ef­
fects were also similar for both experiments of figure 1 and 2, and 
can be explained by an increase in influx combined with a higher lev­
el of storage in the vacuole. In addition an increase in the efflux 
2+ 
of Sr could still occur and cannot be excluded. From the results 
so far it cannot be deduced if EB had a direct stimulating effect on 
2+ 2+ 
Mn efflux or that the increased Mn efflux was due to the elevated 
level of divalent cations in the cytoplasm caused by an increased 
92 
30 40 
TIME (min) 
2+ 2+ 
FIGURE 3: Accumulation of Mn and Sr in the presence and absence of 10 mM 
2+ 2+ 2+ 2+ 
EDAC. о : Mn , control ; Δ : Μη plus EDAC ; · : Sr , control ; A : Sr 
plus EDAC. For further details see figure 1. 
influx from the medium or an increased efflux out of the vacuole. 
2+ 
Furthermore it is not clear why EB did stimulate the influx of Sr 
2+ 
more than the influx of Mn 
2+ 2+ 
The effect of 10 mM EDAC on the accumulation of Mn and Sr is 
2+ 
shown in figure 3. While the accumulation of Sr was hardly af-
">+ 
fected by EDAC, the accumulation of Mn" was decreased so extensive 
that the accumulation ratio was 1.0 in the presence of EDAC (table 
I ) . For both ions the influx rate did not decrease significantly 
2+ (table II). The effect of EDAC on Sr uptake and accumulation indi-
2+ 
cated that the Sr efflux was not increased. If this is also true 
2+ 2+ 
for Mn then the low accumulation of Mn in the presence of EDAC can 
2+ 
only be explained by assuming that Mn accumulation in the vacuole 
is blocked by EDAC. This would mean that not only the influx rate of 
2+ 2+ 
Mn and Sr do not differ much, as was already shown [3], but also 
the efflux rates of the two ions are almost equal. The apparent 
2+ greater efflux of Sr in the absence of EDAC should then be traced 
2+ 
to a higher cytoplasmic concentration of Sr . The preferential 
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The arrow 
indica tes the time tha t EDAC (dissolved in buffer with 3% glucose) was 
added, a t the same the controls received only buffer with 3% glucose. For 
the meaning of the symbols see figure 3 . 
2+ 
s t o r a g e o f Mn i n t h e v a c u o l e i s t h e main r e a s o n t h e n f o r t h e h i g h 
a c c u m u l a t i o n r a t i o . 
2+ 2+ 
When t h e y e a s t c e l l s had a l r e a d y a c c u m u l a t e d Mn and Sr f o r 50 2+ 
min b e f o r e EDAC was a d d e d , Mn u p t a k e was a r r e s t e d a t t h e l e v e l a t -
2+ t a m e d t h e n ( f i g . 4 ) . S r u p t a k e was h a r d l y c h a n g e d a f t e r a d d i t i o n 
9+ 2+ 
of EDAC. The a c c u m u l a t i o n r a t i o of Mn" compared t o Sr was 3 . 5 com-2+ p a r e d t o 1 5 . 0 f o r t h e c o n t r o l c e l l s ( t a b l e I ) . The r e s u l t s f o r Mn 
showed t h a t i n t h e p r e s e n c e of EDAC i n f l u x was e q u a l t o t h e e f f l u x 
and f u r t h e r s t o r a g e i n t h e v a c u o l e d i d n o t o c c u r . I t i s l i k e l y t h e n 
2+ 2+ 
t h a t Mn l e a k s o u t of t h e v a c u o l e o n l y a t a s low r a t e . S i n c e Sr 
u p t a k e was h a r d l y a f f e c t e d by EDAC i t i s q u i t e u n l i k e l y t h a t EDAC i n -
2+ 
c r e a s e s t h e e f f l u x of Sr 
A c c o r d i n g t o Fuhrmann et al [ 16 ] EDAC i n h i b i t s ATP h y d r o l y s i s by t h e 
2+ p l a s m a membrane ATPase of S.cerevisiae a s w e l l a s t h e Mn u p t a k e 
[ 1 4 , 1 5 ] m t h i s y e a s t . From t h e r e s u l t s p r e s e n t e d i n t h i s c h a p t e r i t 
94 
can be concluded, however, that the main reason for the low Mn up-
2+ take in the presence of EDAC is the inability to accumulate Mn in 
the vacuole, although an additional inhibition of the influx could 
not be excluded. It is generally believed that the plasma membrane 
ATPase acts as a proton pump [20], thus generating an electrogenic 
potential across the yeast plasma membrane. Evidence has been pre-
sented that this membrane potential can drive the uptake of divalent 
cations in yeast [11,21]. Although in vitro ATP hydrolysis by the 
plasma membrane ATPase of the strain Delft II could be inhibited by 
EDAC with a I,- of 5 mM if the enzyme was incubated for 15 min with 
EDAC before ATP hydrolysis was measured (Boxman, A W., unpublished 
results), EDAC at the concentration applied by us does not affect 
the uptake in yeast of monovalent cations [22] and phosphate (Nieu-
wenhuis,B., unpublished results) The results in this chapter 
therefore suggest that EDAC hardly affects the plasma membrane but 
does work at the level of the vacuolar membrane. It might be hy-
pothesized that the vacuolar membrane contains a specific transport 
2+ 2+ 
ATPase, with high affinity for Mg and Mn (i.e. for divalent ca-
tions that are preferentially accumulated in yeast), that is strong-
ly inhibited by EDAC. Right-side-out vacuolar membrane vesicles 
such as those prepared by Anraku and co-workers [8,10] should be 
very helpful to investigate this. 
It is not easy to study a complicated process like the divalent ca-
tion uptake and accumulation in yeast In this chapter a start was 
made with two compounds that were known to interfere with this proc-
ess EB was found to interfere with both the influx and the storage 
in the vacuole. EDAC presumably acts almost exclusively on the mem-
brane of the vacuole. In future research on the divalent cation up-
take in yeast these two inhibitors should be used in combination 
with each other for the further unraveling of this process. 
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CHAPTER Vili 
Accumulation of heavy metals in heavy meta l - res is tant 
Saccharomyces cerevislae 
SUMMARY 
2+ 2+ 2+ 
Resistant strams for Cd , Co and Cu , respectively, were ob­
tained from the parent strain Saccharomyces cerevisiae A294. The re­
sistance found for the different heavy metals was more or less 
specific since a strain resistant for one heavy metal, remained sen­
sitive for other heavy metals. The resistant strains showed a К ef­
flux in the presence of heavy metals that was not or only slightly 
increased, in contrast to the parent strain that lost considerable 
+ 2+ 2+ 
amounts of К in the presence of Cd and Cu . For all three resist­
ant strains a decreased permeability for the heavy metal may be part 
2+ 
of the resistance mechanism. Co was less toxic to the yeast cell 
2+ 2+ 2+ 
than Cd and Cu and relative high Co concentrations were neces-
2+ 2+ 
sary to achieve Co -resistance. Both the Co -resistant strain and 
2+ the Cd-resistant strain showed an increased resistance against Cu , 2+ indicating that some resistance against Cu has been developed by 
2+ 2+ 2+ 
adapting the cells against Cd or Co The Cu -resistant strain 
2+ 
was as sensitive to Cd as the parent strain and even more sensitive 
2+ 2+ 
to Co , and it was concluded that resistance for Cu is more spe-
2+ 2+ 
cific than that for Cd and Co 
INTRODUCTION 
Although some of the heavy metals are physiologically important for 
cells as trace elements, most of them exert toxic action [1,2]. How­
ever, it is possible for yeast cells to develop resistance to such 
toxic metals and a possible way to achieve this is to culture cells 
in a medium which contains a suitable concentration of the heavy me­
tal [3]. Via this method resistant yeast strains have been obtained 
2+ 2+ 2+ ">+ 2+ 2+ 1+ 
for Cu , Sr^ , Cdz , Ni , Mn , Hg¿ and Co' , [3-5]. There are se-
veral ways by which the cell can obtain such resistance, for example 
100 
by a decreased permeability of the cell for the heavy metal [6] or by 
synthesizing a protein that could bind the heavy metal inside the 
2+ 
cell and thus render it harmless [7]. Cu -resistant yeast cells 
{Saccharomyces cerevisiae) were found to produce much hydrogen sulfide 
and as a consequence considerable amounts of fine copper-sulfide 
granules were deposited in the cell wall [8]. Furthermore such 
2+ 
cells did also produce intracellular Cu -binding proteins (9) and 
elevated levels of superoxide dismutase were found, the latter to 
2+ 
cope with superoxide radicals generated by the Cu inside the cells 
2+ [10]. The situation for Cd -resistant yeast cells is less clear. 
2+ 
Although such cells were found to accumulate a fair amount of Cd in 
the cells [4], it was not reported whether the parent strain accumu-
2+ lated less or more. A Cd -binding protein was not detected in 
S.cerevisiae [11] but two such proteins have been detected in Schlzosac-
2+ 
charomyces pombe [12]. For a Co -resistant yeast (S.cerevisiae) it was 
reported that substantial quantities of the cobalt were fixed by the 
yeast [5]. According to Ashida [3], resistance to one heavy metal 
does not necessarily imply cross resistance, i.e. resistance to an-
2+ 
other heavy metal. The Cu -resistant strain, used in his study, was 
2+ 2+ 2+ 
very sensitive to Cd , while the Cd - and Co -resistant strains 
did show hardly any decrease in sensitivity to other heavy metals. 
2+ 2+ 2+ We have compared, therefore, Co -, Cd - and Cu -resistant straine 
for cross resistance and have studied accumulation of the respective 
heavy metals in these resistant strains and in the parent strain. 
MATERIALS AND METHODS 
Yeast cells, Saccharomyces cerevisiae strain A294 (a non-flocculant 
brewing yeast obtained from Whithread and Co., Ltd., Luton, U.K.) 
were grown at pH 4.5 as described in [13]. Resistant strains for 
2+ 2+ 
Cd , Cu or Co were obtained by cultunng the parent strain succes-
sively in a medium containing one of the respective heavy metals m a 
2+ 
way as described for a Cd -resistant strain [4] . After growth until 
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TABLE I. Heavy meta l r e s i s t a n c e o f t h e p a r e n t s t r a i n and t h e 
2+ 2+ 2+ 
Co - , Cd - and Cu - r e s i s t a n t s t r a i n o f S.cerevlslae A294. 
ion 
Cd2+ 
Co2+ 
Cu2+ 
Mn
2 + 
Sr2+ 
concentration 
(mM) 
1 
5 
12.5 
10 
30 
60 
1 
3 
5 
40 
60 
100 
150 
300 
600 
growth of 
resistant 
= 
< 
< 
= 
= 
< 
= 
= 
= 
= 
= 
<< 
= 
= 
<< 
strain 
growth of 
parent strain 
0 
0 
0 
< 
0 
0 
< 
0 
0 
= 
= 
= 
= 
= 
= 
Resistant strains were obtained and the resistance was measured as described 
in Materials and Methods. Growth was scored as : =, same growth as without 
divalent cation; <, growth slightly less than without divalent cation; <<, 
growth far less than without divalent cation; 0, no growth. 
the s t a t i o n a r y phase the c e l l s were t r a n s f e r r e d i n t o new medium con-
t a i n i n g a h ighe r c o n c e n t r a t i o n of the r e s p e c t i v e heavy me ta l . By 
2+ 2+ ?+ 
these s e r i a l t r a n s f e r s , Cd - , Cu - and Co" - r e s i s t a n t s t r a i n s were 
ob ta ined t h a t w i l l be des igna ted Cd , Cu and Co , r e s p e c t i v e -
res res res 
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2+ 2+ 
TABLE II C r o s s r e s i s t a n c e o f t h e p a r e n t s t r a i n and Co - , Cd -2+ 
and Cu - r e s i s t a n t s t r a i n s o f S.cerevlslae A294. 
i o n c o n c e n t r a t i o n growth o f 
(mM) Cd Co Cu p a r e n t 
' res res res 
Cd2+ 0 . 5 = 0 0 0 
Co2 + 10 << = << < 
2+ 
Cu 2 < < = << 
Resistant strains were obtained as described in Materials and Methods. The 
resistance was measured as growth and was compared to the growth of the 
resistant strain at the same concentration of heavy metal. The meaning of 
the symbols i s : =, same growth as the resistant s train; <, growth s l i g h t l y 
less than the resistant s train; « , growth far l ess as the resistant s tra in; 
0, no growth. 
l y . A s t r a i n w i l l be c a l l e d r e s i s t a n t f o r a h e a v y m e t a l i f i t d o e s 
grow a t a c o n c e n t r a t i o n o f t h e heavy m e t a l i n t h e medium t h a t i s l e -
t h a l f o r t h e p a r e n t s t r a i n . F i n a l c o n c e n t r a t i o n s above wh ich e v e n 
2+ t h e r e s i s t a n t s t r a i n s c o u l d n o t grow anymore were 1 2 . 5 mM Cd , 5 mM 
2+ Cu and 60 mM Co, r e s p e c t i v e l y We d i d n o t s u c c e e d i n o b t a i n i n g 
2+ 2+ 
Mn - and Sr - r e s i s t a n t s t i a i n s o f t h i s y e a s t ( s e e under R e s u l t s ) . 
A l s o a Zn - r e s i s t a n t s t r a i n c o u l d n o t be o b t a i n e d i n t h i s way s i n c e 
2+ 
Zn - c o n c e n t r a t i o n s i n t h e medium above 5 mM c a u s e d s t r o n g p r e c i p i -
t a t i o n s due t o t h e c o m p o s i t i o n o f t h e medium, w h i l e t h e p a r e n t 
2+ 
s t r a i n c o u l d s t i l l grow u n a f f e c t e d w i t h t h a t c o n c e n t r a t i o n o f Zn 
i n t h e medium. The heavy m e t a l s were added t o t h e growth medium a s 
2+ 
c h l o r i d e s a l t s , e x c e p t Cu t h a t was added a s CuSO,. 
The s t r a i n s were t e s t e d f o r t h e i r r e s i s t a n c e , r e s p e c t i v e l y c r o s s 
r e s i s t a n c e , by growing them i n a medium c o n t a i n i n g d i f f e r e n t c o n c e n -
t r a t i o n s o f t h e r e s p e c t i v e heavy m e t a l s . C e l l s o f t h e r e s i s t a n t 
s t r a i n s were f i r s t t r a n s f e r r e d t o t h e growth medium w i t h o u t h e a v y 
m e t a l s and a f t e r growth u n t i l the s t a t i o n a r y p h a s e , 5 . 5 x 1 0 c e l l s 
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TIME (mm) 2+ 
FIGURE 1· Uptake of Co in the Co s t r a i n ( · ) and the parent s t a i n (o) of 
2+ S.cerevlslae A294. The i n i t i a l concentrat ion of Co (added as chlor ide 
s a l t ) was 5 mH. The r e s u l t s are means of d u p l i c a t e measurements, the bars 
denote the standard dev ia t ion . 
w e r e i n o c c u l a t e d t h e n an 25 ml of g r o w t h medium c o n t a i n i n g t h e r e ­
s p e c t i v e c o n c e n t r a t i o n s of h e a v y m e t a l s . G r o w t h was f o l l o w e d s p e c -
t r o f o t o m e t r i c a l l y by m e a s u r i n g t h e ^ . , „ of s m a l l a l i q u o t s of t h e 
c u l t u r e s m a P y e - U m c a m S P 8 - 1 0 0 , and b y c o u n t i n g t h e c e l l s i n a 
c o u n t i n g - c h a m b e r ( B u e r k e r - T u e r k , B r i g h t - L i n e ) . 
To m e a s u r e t h e u p t a k e of t h e h e a v y m e t a l s i n t h e y e a s t c e l l s , c u l ­
t u r e s of t h e d i f f e r e n t s t r a i n s w e r e grown u n t i l t h e e a r l y e x p o n e n ­
t i a l p h a s e and s u b s e q u e n t l y w a s h e d t w i c e w i t h 45 mM TRIS a d j u s t e d t o 
pH 7 . 0 w i t h s u c c i n i c a c i d ( T R I S / S u c c i n a t e b u f f e r ) . A f t e r 20 min i n ­
c u b a t i o n i n t h i s b u f f e r p r o v i d e d w i t h 3% g l u c o s e (w/v) u p t a k e was 
s t u d i e d u s i n g " M n , " S r , ' " C d and ' ' C o , r e s p e c t i v e l y , a s t r a c e r 
2+ 
w i t h t h e t e c h n i q u e a s d e s c r i b e d m [13 ] . The c o n c e n t r a t i o n of Cd 2 
2+ 
and Co i n t h e s u p e r n a t a n t of t h e r e s i s t a n t s t r a i n s a t t h e end of 
2+ t h i s i n c u b a t i o n was l e s s t h a n 1 yM. U p t a k e o f n o n - r a d i o a c t i v e Cu 
was p e r f o r m e d by t h e same t e c h n i q u e , b u t t h e f i l t e r s were e x t r a c t e d 
d u r i n g 20 m m i n 1 M HCl a t 70 ' С . A f t e r c e n t n f u g a t i o n , t h e amount 
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TABLE III K+ e f f lux from the parent and Co 2 +-, Cd2+- and 
2+ Cu - r e s i s t a n t s t r a i n s of S.cerevisiae A294, incubated for 1 hr 
with heavy metals . 
heavy 
metal 
bianco 
Cd 2 + 
Co 2 + 
Cu 2 + 
parent 
ΔΚ
 + 
73+12 
309± 7 
118±46 
319±10 
% 
17±3 
67±2 
21±θ 
70±2 
strains 
Cd Co 
res res 
ΔΚ + 
74+12 
9Θ±49 
% ΔΚ + 
23±4 122± 9 
30+15 
64±19 
% 
20±1 
11±3 
Cu 
res 
ΔΚ + 
107+ 5 
174±27 
% 
21±1 
37±6 
&K (as mraoles χ kg dry weight) i s the amount of К released after 1 hr 
incubation with the heavy metals. ΔΚ i s also expressed as the percentage 
of the tota l ce l lu lar Κ , since small differences in the total amount of 
cel lu lar К in the different strains were found. The concentrations applied 
2+ 2+ 2+ 
were 0.1 mM Cd , 5 гоМ Co and 0.1 mM Cu . The results are means of 
duplicate measurements, ± s . d . . 
2+ 
o f Cu i n t h e s u p e r n a t a n t was measured s p e c t r o f o t o m e t r i c a l l y w i t h 
l - ( 2 - p y r i d y l a z o ) - 2 - n a p h t h o l (PAN ; A l d r i c h ) a t 5 5 2 . 5 nm. The c o n -
c e n t r a t i o n o f Cu~ i n t h e s u p e r n a t a n t o f t h e r e s i s t a n t s t r a i n a t t h e 
end o f t h e p r e i n c u b a t i o n was a p p r o x i m a t e l y 2 \M. For m e a s u r i n g o f 
t h e К e f f l u x , c e l l s were prepared and i n c u b a t e d i n t h e same way a s 
f o r u p t a k e s , e x c e p t t h a t no i s o t o p e s were added. Samples were t a k e n 
from t h e c e l l s u s p e n s i o n and c e n t n f u g e d , and t h e К c o n c e n t r a t i o n 
i n t h e s u p e r n a t a n t was measured w i t h a Z e i s s f lame s p e c t r o f o t o m e t e r . 
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Co 2 + 
Cd2 + 
Cu2 + 
Mn2+ 
S r 2 + 
5 
0 . 
1 
1 
1 
1 
2+ 2+ 
TABLE IV Accumula t ion of d i v a l e n t c a t i o n s i n t h e Co - , Cd - and 2+ Cu - r e s i s t a n t s t r a i n s of S.cerevisiae A294. 
i o n c o n c e n t r a t i o n Accumula t ion i n 
(mM) Co Cd Cu 
' res res res 
< < = 
> S < 
> S < 
> < < 
Accumulation was measured after 60 min Incubation with the divalent cations 
and was compared to that in the parent strain. The meaning of the symbols is 
: >, more accumulation than in the parent strain; =, same accumulation as in 
the parent strain; <, less accumulation than in the parent strain. 
RESULTS 
2+ 2+ 2+ After growth in a medium containing Cd , Cu or Co cells of 
S.cerevisiae A294 were less sensitive to the heavy metals than the par-
*?+ 2+ 
ent strain (table I). For Mn" and Sr , however, such a resistance 
could not be developed. Moreover, if the yeast cells were cultured 
2+ 2+ 
on stepwise increasing concentrations of Mn or Sr , they were fi-
2+ '' + 
nally more sensitive for Mn and Sr' than the untreated parent 
strain. For the three other divalent cations it was shown that the 
parent strain was not able to grow even at lower concentrations of 
the divalent cations than those that were maximal for the resistant 
strain. 
For several micro-organisms that were made resistant against a 
heavy metal, increased resistance was found against other heavy me-
tals as well [3,14]. We have tested such a so-called cross resist-
ance in our strains. The results of this experiment are shown in 
106 
10 
ω 
50 60 20 30 
TIME (mm) 
2+ FIGURE 2: Uptake of Cd in the Cd strain ( · ) and the parent stain (o) of 
2+ S.cerevlslae A294. The initial concentration of Cd (added as chloride 
salt) was 0.1 mM. For details see figure 1. 
tab le I I . Although sub-maximal concentrat ions were applied, i t was 
found that the r e s u l t s for our s t r a i n s are s imi lar to the r e s u l t s of 
Ashida [ 3 ] . The absence of c r o s s - r e s i s t a n c e was most outspoken in 
2+ the Cu s t r a i n . Whereas the same s e n s i t i v i t y for Cd was found as 
res * 
2+ for the parent strain, the sensitivity for Co even increased. Al-
2+ though the Cd strain showed increased resistance against Cu , 
n+ this strain became more sensitive for Co" . Like the Cu strain, 
res 
">+ the Co strain was as sensitive to Cd* as the parent strain. 
res
 r 
Interaction of some heavy metals with yeast cells is known to re­
sult in rapid leakage of huge amounts of cellular К into the sus­
pending medium [1,15-17]. These effects have been attributed to 
cell membrane disruption after interaction of the heavy metals with 
sulphydryl groups on the membrane surface [1]. According to Kuypers 
+ 2+ 
and Roomans [17], the release of К from yeast cells induced by Hg 
proceeds as both via an all-or-none process as well as via a gradual 
2+ process. For Cd at 0.2 mM, a rapid release of approximately 66% of 
the cell К was reported [15], whereas according to Kuypers and Roo-
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2+ 
TIME (min) 
FIGORE 3 Uptake of Cu in the Cu strain ( · ) and the parent stain (o) of 
2+ S.cerevlslae A294. The i n i t i a l concentration of Cu (added as CuSO.) was 1 
mM. For deta i l s see figure 1. 
2+ + 
mans [ 1 7 ] Cd d i d n o t c a u s e an a p p r e c i a b l e l e a k a g e o f К from 
S.cerevlslae. U n f o r t u n a t e l y t h e l a t t e r a u t h o r s d i d n o t i n d i c a t e t h e 
2+ + 
a p p l i e d c o n c e n t r a t i o n . 60 μΜ Cu was found t o g i v e a s i m i l a r К l o s s 
2+ 2+ 
a f t e r 4 h r s i n c u b a t i o n , a s was found f o r 60 μΜ Hg [ 1 7 ] . Co , on 
t h e o t h e r hand, d i d c a u s e o n l y a s m a l l l e a k a g e o f К from t h e c e l l s 2+ i n o r d e r t o m a i n t a i n e l e c t r o n e u t r a l i t y d u r i n g t h e uptake o f Co 
[ 1 8 ] . 
We have also studied the effect of heavy metal ions upon К efflux 
in both the parent strain and the resistant strains. The К efflux 
after 60 min incubation of the parent strain and the resistant 
9+ 2+ 2+ 
strains in the presence of 0,1 mM Cd" , 5 mM Co or 0.1 mM Cu , re­
spectively, was measured and the results are shown in table III. 
Without heavy metals in the medium, the К efflux from the different 
strains was not significantly different. For the parent strain a 
+ 2+ 
considerable К efflux was found in the presence of 0.1 mM Cd or 
2+ 2+ 
0 1 mM Cu , while 5 mM Co did not cause a significant extra efflux 
+ 2+ + 
of К . On the other hand, Cd did not significantly increase К ef-
108 
2+ + 
flux from the Cd strain and Cu did only slightly increase К ef-
2+ + 
flux from the Cu stram, whereas Co even decreased the К efflux 
res from the Co strain 
res 
2+ 2+ 2+ The accumulation of Co , Cd and Cu in the parent strain and the 
respective resistant strains is shown in figure 1,2 and 3, respec-
2+ tively. The Co strain was found to accumulate less Co than the J
 res 
2+ 2+ 2+ 2+ parent strain (fig.l). Since Cd , Cu , Mn and Sr were found to 
accumulate in the Co strain to a higher extent than in the parent 
res
 r 
strain (table IV), this decreased accumulation in the Co strain 1
 res 
2+ 2+ 
was specific for Co . In the first 20 m m , the accumulation of Cd 
in the Cd strain was less than for the parent strain, but after 1 
res 
2+ hr incubation the same amount of Cd was found in both strains 
2+ '?+ (fig.2). Co and Mn" were found to accumulate less m the Cd v
 ' res 
2+ 
strain than in the parent strain, but for Sr no difference was 
2+ found (table IV). Cu accumulation was exceptional since in the 
2+ first 20 m m two times more Cu was accumulated in the Cd strain 
res 
than in the parent strain (data not shown). However, after this 
2+ first period the Cu was gradually lost from the Cd strain and 
2+ finally, after 1 hr incubation, the Cu level in the Cd strain 
res 
was lower than in the parent strain. For Cu accumulation a concen-
2+ tration of 1 mM Cu was chosen since at lower concentrations it was 
not possible to measure uptake accurately with the coloring method 
2+ 
as described in Materials and Methods. Accumulation of Cu in the 
Cu stram was lower than in the parent strain and even a decrease 
res
 c 
in accumulation level in the Cu strain was found after 30 to 40 
res 
2+ 2+ 
m m incubation (fig 3). The accumulation of Cd and Mn was also 
2+ lower in the Cu strain than in the parent strain, while Co and 
res
 c 
2+ Sr did accumulate to the same level in both strains (table IV) . 
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DISCUSSION 
Resistance developed against heavy metals by 'training' the cul-
tures as was done in this study, can be achieved by genetic adapta-
tion: by selection of spontaneously mutated genes or by induction of 
a mutation followed by selection; by physiological adaptation : syn-
thesis of a heavy metal-binding protein or development of a de-
creased permeability of the cells for the heavy metal; or by 
combinations of these two possibilities [3) . In the case of the phy-
siological adaptation, the cells soon lose the acquired resistance 
if cultured in the absence of heavy metal. The resistant strains 
used in this study did not lose the acquired resistance after one 
passage in a medium without the heavy metals (results not shown). 
This suggests that the adaptation is non-physiological, but to be 
sure about that it must be tested that the resistant strains did not 
loose the resistance after several passages in a medium without 
heavy metal. The resistance found for the different heavy metals 
was more or less specific since a strain resistant for one heavy met-
al remained sensitive for other heavy metals (table II), just as has 
been found by Ashida [3]. Minor changes in the sensitivity were 
found for the Cd and Co strains. Both strains were more sensi-
res res 
2+ 2+ 
tive for Co than the parent strain, but less sensitive to Cu than 
2+ the parent strain, indicating that some resistance against Cu has 2+ 2+ been developed by adapting the cells against Cd or Co . Accord-
2+ ingly, Cu -uptake in the Cd strain was slightly inhibited, al-
+^ though uptake of Cu~ in the Co strain was increased (see table 
IV). In contrast with other reports [3,20,21] we did not succeed in 
obtaining a Mn' - or a Sr -resistant strain. The strains cultured on 
stepwise increasing concentrations of these divalent cations, were 
finally more sensitive than the untreated parent strain. It has been 
2+ 
reported that Mn inhibited protein synthesis as well as nuclear 
DNA replication in yeast [22]. The increased sensitivity of the 
2+ treated strain may therefore be due to an already high level of Mn 
r>+ 
and Sr in these cells, as compared to the parent strain. 
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In general, all resistant strains showed a К efflux in the pres­
ence of the heavy metals that was not or only slightly increased, in 
contrast to the parent strain that lost considerable amounts of К 
2+ 2+ + 
in the presence of Cd and Cu Since this К efflux is thought to 
be the consequence of membrane disruption by the heavy metals [1], 
the resistant strains must have protected themselves in some way 
from such a disruption. It is not clear at this stage of knowledge 
how this is achieved. It might be hypothesized, however, that mem­
brane disruption is caused by an interaction of intracellular diva­
lent cations with the membrane either directly or indirectly. Since 
uptake of the di\ 
may occur as well. 
uptake of the divalent cations is decreased, a decreased К efflux 
2+ From the results so far it can be concluded that Co is less toxic 
2+ 2+ to the yeast cell than Cd and Cu In agreement with this, are the 
2+ 2+ 2+ 
high concentrations of Co , compared to Cd and Cu , to achieve 
resistance (table I). Moreover, this resistance seems to be more or 
2+ less aspecific, since the Co strain is less sensitive for Cu 
* res 
2+ than the parent strain (table II). The resistance for Cd seems to 
be more specific. The Cd strain became even more sensitive to 
res 
2+ Co , but as was the case with the Co strain, an increase in re-
res 
2+ 
sistance for Cu was found compared to the parent strain (table II) . 
The Cu strain is likely to be the most specific. The same high 
2+ 
sensitivity as the parent strain was found for Cd and even a higher 
2+ 
sensitivity to Co (table II). 
One of the possible mechanisms to protect the cell from heavy metal 
intoxication is to decrease the influx for the heavy metal. A de-
2+ 2+ 
creased influx for Co and Cd has been found in the respective re­
sistant strains of several bacteria [6 ,23,24]. It was suggested 
2+ 2+ 
that a Cd -resistant yeast strain accumulated less Cd but, on the 
2+ 2+ 
other hand, a Cu -resistant strain was shown to contain more Cu 
than its parent strain when cultured in a medium containing a low 
2+ Cu concentration, in which also growth of the parent strain was not 
inhibited [3] . The Co strain used in this study, accumulated less 
res •* 
2+ Co than the parent strain, suggesting that a decreased influx may 
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2+ 2+ 2+ 2+ be part of the resistance On the other hand Cd , Cu , Mn and Sr 
were found to accumulate more in the Co strain than in the parent 
res 
strain. This is not in agreement with the above mentioned increased 
2+ 
resistance for Cu The latter indicates an aspecific character of 
2+ 2+ 
the Co -resistance. There is no evidence so far that Co -binding 
2+ proteins are involved in the resistance for Co The decreased in-
*>+ 
flux rate found for Cd" uptake in the Cd strain may be one of the 
main factors contributing to the increased resistance against this 
2+ heavy metal. Since after prolonged incubation the Cd accumulation 
into the cells becomes comparable with that of the parent strain, a 
second regulatory factor seems to be involved as well. Although no 
2+ Cd -binding protein could be detected in S.cerevislae [11], the ex-
2+ istence of two such proteins in S.pombe [12] suggest that Cd -bind-
2+ ing proteins may play a role in Cd -resistance in yeast. Possibly 
2+ 2+ 
such Cd binding proteins account for the relative Cu resistance 
2+ 2+ 
after adaptation with Cd It might well be that these Çd -binding 
2+ proteins do have affinity for Cu as well and thus render the cells 
more resistant to Cu" . However, this does not explain the gradual 
2+ loss of the at first accumulated Cu from the cells of the Cd 
res 
2+ 
strain. A sort of co-tolerance is obviously not the case for Co 
2+ 
since the Cd strain was more sensitive to Co than the parent 
res 
2+ 
strain (table II), although less Co accumulated in the Cd strain 
2+ than in the parent strain. A decreased permeability for Cu may con-
2+ tribute to the resistance for Cu (fig 3), but this effect is not 
n+ *>+ 2+ 
specific for Cu since Mn" and Cd were found to accumulate less m 
the Cu strain than in the parent strain as well (table IV). 
Since the definition of the term 'heavy metal' is based on an arbi-
trary physical parameter and not on a common chemical property, it 
is not surprising that each metal acts in a specific way. From the 
results presented in this chapter it might be concluded that there 
is not a common mechanism of resistance for the heavy metals in 
yeast. Decreased influx of the heavy metals may be part of it, but is 
certainly not the only mechanism. It may even be only a side-effect 
due to changes in the membrane composition, the latter to increase 
the resistance of the cells Since the uptake and accumulation of 
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divalent cations in yeast is a rather complicated process (see chap­
ter VI and VII of thesis), the cell may react at different levels to 
the heavy metal intoxication. A decreased accumulation may not be 
only due to a decreased influx, for example, but an increased efflux 
2+ 
may occur as well, as was found for Cd -resistance in Staphylococcus 
2+ 2+ 
aureus [25]. At least for Cu , but likely also for Cd , part of the 
resistance may be based on the synthesis of heavy metal-binding pro­
teins. It is not known if these proteins are specific for only one 
heavy metal or may have affinity for several ones. Further research 
to achieve a detailed knowledge of the resistance against heavy me­
tals is necessary, especially in view of the growing threat of these 
metals on the environment. 
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CHAPTER IX 
Summary and General Discussion 
Samenvatting 
Uitleg voor de leek 
Yeast has always attracted the interest of man throughout history. 
The ability of yeast to make alcohol in the form of beer was known to 
the Sumenans and the Babylonians before 6000 B.C. Much later, by 
about 4000 B.C., the Egyptians discovered that the carbon dioxide 
generated by the action of brewer's yeast could leaven bread [1]. 
The earliest-known drawing of a clump of yeast cells was made by An­
tonie van Leeuwenhoek in 1680. The question of extracellular acidi­
fication by alcoholic fermentation in yeast, as already observed by 
Lavoisier in the 18th century, is still not answered in detail and 
has puzzled biochemists for many years already [2]. At the current 
stage of knowledge it is generally believed that this extracellular 
acidification is driven by the plasma membrane ATPase, that acts as 
a H -pump [2] . The proton electrochemical gradient generated by this 
pump is thought to be part of the driving force for the uptake of a 
lot of ions in yeast [3]. We car divide these ions roughly in three 
groups : monovalent cations, with К and Na as the most important 
2+ 2+ 
members; divalent cations, particularly Mg and Ca ; and anions, 
like phosphate and sulphate. The study, reported in this thesis, 
deals with the uptake of phosphate and divalent cations in yeast, 
with a step aside to sulphate uptake 
In chapter II the effect of osmotic shock on the inducible high af­
finity phosphate uptake (i.e. the H -phosphate co-transport system) 
was studied in ordei to examine the involvement of binding proteins 
in this uptake system. Although osmotic shock considerably inhibit­
ed uptake of phosphate via this system, no binding protein could be 
detected in the shock fluid. Moreover, the non-inducible low affin­
ity phosphate uptake was inhibited as well. Since the cellular 
amount of К declined considerably, the cell pH decreased with ap­
proximately one unit and the cells were found to shrink, it was con­
cluded that osmotic shock damaged the plasma membrane. Unlike the 
case for gram-negative bacteria, this technique does not readily re­
veal information about the molecular mechanism of phosphate uptake 
in yeast. 
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It is a well-known phenomenon in both bacteria [4] and fungi [5) 
that P.-starvation leads to the induction of high affinity phosphate 
uptake systems, operating apart from a 'constitutive' low affinity 
phosphate uptake system. In Saccharomyces cerevislae two such systems 
were found to be involved in the uptake of Ρ , a Η -phosphate 
co-transport system (also called the high affinity phosphate uptake 
system) and a Na -phosphate co-transport system. The induction of 
the Η -phosphate co-transport system, in connection with the fate of 
the low affinity phosphate uptake, has been studied in detail from a 
kinetical point of view in chapter III. The protein synthesis inhi­
bitor cycloheximide prevented the induction suggesting involvement 
of de novo protein synthesis. Since cycloheximide had no effect as 
soon as the H -phosphate co-transport system was fully induced, it 
is not likely that this system is subject to a rapid turnover. Dur­
ing the induction of the H -phosphate co-transport system, the low 
affinity phosphate uptake system disappeared, thus suggesteing the 
possibility of a common membrane carrier for both phosphate uptake 
systems. On the other hand, there is genetic as well as kinetic evi­
dence that favours the idea of two distinct systems. 
In chapter IV phosphate uptake via the H -phosphate co-transport 
system and the Na -phosphate co-transport system was studied at high 
pH. While phosphate uptake via the H -phosphate co-transport de­
creased with increasing medium pH, uptake via the Na -phosphate 
co-transport increased under that condition. For the latter system, 
the results suggested that there is only one real binding site for 
+ 
Na on this system. Apparent two-sites kinetics found at higher 
Na -concentrations is probably due to screening of charged groups on 
+ 2+ 
the membrane surface by Na . It was concluded that at pH 8 Mg had 
an additional stimulating effect on the Na -phosphate co-transport 
system, above the theoretically expected stimulation via a re-
2+ duction of the surface potential by Mg 
Although sulphur is almost as essential for the yeast cells as 
phosphate, the uptake of sulphate is far less documented than phosp­
hate uptake. In chapter V an attempt was made to reveal the existence 
117 
of a Na -sulphate co-transport In view of the results presented, it 
was suggested that there is no Na -sulphate co-transport in 
S.cerevlslae. 
The second part of this thesis deals with the uptake of divalent 
cations in yeast. In chapter VI a new light has been thrown on this 
process. The time-honored idea of selective influx of these cations 
2+ 
was found to be only apparent. Actually, the influx rates of Mn 
and Sr were found to be not significantly different and the differ-
ence in accumulation level for these two cations could be ascribed 
2+ 2+ 
to a greater efflux of Sr compared with Mn . Probably this great-
er efflux was also only apparent, since differential extraction of 
2+ the yeast cells revealed that Mn is more compartmentalised than 
2+ 2+ 
Sr , giving rise to a lower relative cytoplasmic Mn concen-
tration. 
In chapter VII the effects of the cationic dye ethidiumbromide (EB) 
2+ 
and the carbodnmide (EDAC) on the uptake and accumulation of Mn 
2+ 
and Sr were examined, m order to unravel the different processes 
further. The influx of both ions was increased by EB, although this 
2+ 2+ 2+ 
increase was greater for Sr than for Mn . Since Mn accumulation 
decreased and Sr" accumulation increased in the presence of EB, it 
2+ 
was suggested that EB caused an increase m the permeability for Sr 
of the membrane of the storage compartment (most likely the vacuole) 
2+ in which Mn normally is stored preferentially. EDAC, on the other 
hand, hardly affected Sr" uptake and accumulation but strongly de-
creased the accumulation of Mn" . The latter was explained as an in-
terference of EDAC with the membrane of the vacuole, thereby 
2+ blocking the accumulation of Mn in this compartment. 
The toxicity of most of the divalent cations belonging to the 
so-called heavy metals, stresses the importance of a tight regu-
lation of the accumulation and storage of the different divalent ca-
tions in tne yeast cell. The diversity of these cations, however, 
seems to rule out the possibility of a non-specific detoxification 
mechanism for the cell. In agreement with this, it was shown in 
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chapter VIII that when yeast cells have developed a resistance 
against one of these heavy metals, it does not necessarily imply an 
increased resistance against one of the other heavy metals For all 
the three strains a decreased influx of the heavy metal may be part 
2+ 
of the resistance mechanism The Co -resistance may be more or less 
2+ 
aspecific, since the Co -resistant strain did show an increased re-
2+ 
sistance for Cu . On the other hand, in contrast to the decreased 
2+ 2+ 
influx for Co itself, the Co -resistant strain did accumulate 
2+ 2+ 2+ 2+ Cd , Cu , Mn and Sr more than the parent strain. For the 
2+ 2+ 
Cd -resistant strain also an increased resistance against Cu was 
2+ 2+ 
found. The Cu -resistant strain was as sensitive to Cd as the 
2+ parent strain and even more sensitive to Co , and it was concluded 
2+ 2+ 2+ 
that resistance for Cu is more specific than that for Cd and Co 
In general, the resistant strains showed a К efflux in the presence 
of the heavy metals that was not different from that without heavy 
metal, in contrast to the parent strain that lost considerable 
amounts of К in the presence of Cd and Cu . Since this К efflux 
is thought to be the consequence of membrane disruption by the heavy 
metals [6], the resistant strains must have protected themselves in 
some way from such a disruption 
Due to the complexity of the whole process of uptake and accumu­
lation of divalent cations in yeast cells, our knowledge of this 
process is still rather inadequate It is likely that more sophis­
ticated (physical) techniques must be used to clarify the whole in­
terplay of influx, efflux and storage of these ions. The important 
"*+ 2+ 
role that has been attributed to Ca and Mg in the control of 
growth and cell division in yeast (see (7) and references therein) 
necessitates a detailed knowledge of the regulation of the levels of 
these ions. 
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SAMENVATTING 
Dit proefschrift bevat onderzoek naar de opname van fosfaat en twee-
waardige Kationen in gist, alsmede een klein onderzoek naar de sul-
faat opname. 
In hoofdstuk II is het effect bestudeerd van een osmotische schok 
op de geïnduceerde hoog-affimteits fosfaat opname (d.w.z. het 
H -fosfaat co-transport systeem) teneinde een mogelijke betrok-
kenheid van bindings-eiwitten bij dit proces te bekijken. Alhoewel 
dit proces sterk geremd werd door de osmotische schok, konden er 
geen bindings-eiwitten aangetoond worden in de schok vloeistof. 
Bovendien werd de met-induceerbare laag- affiniteits fosfaat op-
name eveneens geremd Aangezien de hoeveelheid К in de cel sterk 
afnam, de cel pH met circa een eenheid daalde en de cellen tevens 
bleken te krimpen, werd geconcludeerd dat de osmotische schok de 
plasma membraan beschadigt. In tegenstelling tot hetgeen gevonden 
is bij gram-negatieve bacteriën, levert deze techniek niet op een 
eenvoudige manier informatie over het moleculaire mechanisme van de 
fosfaat opname in gist. 
Het vanuit een kinetisch oogpunt verrichte onderzoek naar de in-
ductie van het H -fosfaat co-transport system en het lot van de 
laag-affiniteits fosfaat opname is beschreven in hoofdstuk III. De 
eiwitsynthese remmer cycloheximide remde de inductie, wijzend op 
een betrokkenheid van de novo eiwitsynthese hierbij. Aangezien 
cycloheximide geen effect meer had zodra het H -fosfaat 
co-transport system volledig geïnduceerd was, lijkt het onwaar-
schijnlijk dat er een snelle afbraak en opbouw van dit system 
plaatsvindt De gelijktijdige verdwijning van het laag-affimteits 
systeem tijdens de inductie van het H -fosfaat co-transport sugge-
reerde de mogelijkkheid van een gemeenschappelijke carrier voor bei-
de systemen. Informatie van zowel genetische als kinetische aard 
wijst daarentegen meer in de richting van twee aparte systemen. 
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In hoofdstuk IV is een onderzoek beschreven naar het gedrag van het 
H -fosfaat co-transport systeem alsmede het Na -fosfaat 
co-transport systeem bij hoge pH. Fosfaat opname via het H -fosfaat 
co-transport daalde met stijgende medium pH, terwijl opname via het 
Na -fosfaat co-transport steeg onder die condities. Voor wat be-
treft het laatste systeem wijzen de resultaten erop dat er slechts 
éen bindingsplaats voor Na op dit systeem is. De ogenschijnlijke 
'twee-plaatsen kinetiek', gevonden bij de hoge Na -concentraties, 
is waarschijnlijk het gevolg van het afschermen van geladen groepen 
+ 2+ 
op het membraan oppervlak door Na . In aanwezigheid van Mg werd een 
extra stimulering van het Na -fosfaat co-transport gevonden, uit-
gaande boven de theoretisch te verwachten stimulering op grond van 
2+ een door Mg te veroorzaken daling van de oppervlaktepotentiaal. 
De mogelijke aanwezigheid van een Na -sulfaat co-transport systeem 
in gist is nader onderzocht in hoofdstuk V. De gepresenteerde re-
sultaten wijzen echter niet op de aanwezigheid van een dergelijk 
systeem in gist. 
In hoofdstuk VI is een nieuw licht geworpen op de opname van twee-
waardige kationen in gist. Het aloude idee van een selectieve opname 
van deze kationen blijkt niet goed gefundeerd. De influx-snelheden 
?+ 2+ 
van Mn" en Sr bleken niet significant verschillend te zijn, en het 
verschil in accumulatie nivo tussen deze twee ionen kan worden toe-
o+ 2+ 
geschreven aan een grotere efflux van Sr" ten opzichte van Mn 
Waarschijnlijk is deze grotere efflux slechts schijn, aangezien 
differentiële extractie van de gistcellen aangaf dat Mn meer opge-
slagen werd dan Sr" , met als gevolg een relatief lagere concentra-
2+ tie van Mn in het cytoplasma 
Ten einde de verschillende processen, betrokken bij de opname en 
2+ 2+ accumulatie van Mn en Sr , aan een nader onderzoek te onderwerpen, 
werd het effect van de positief geladen kleurstof ethidiumbromide 
(EB) en de carbodiimide EDAC (zie Abbreviations) op de opname en ac-
cumulatie van deze ionen uitgetest (hoofstuk VII). EB stimuleert de 
influx van beide ionen, ofschoon deze stimulering groter is voor 
122 
2+ 2+ 2+ 
Sr dan voor Mn . Aangezien de Mn accumulatie afnam en die van 
2+ 
Sr toenam in aanwezigheid van EB, veroorzaakt EB mogelijk een toe-
•?+ 
name in de permeabiliteit voor Sr" van de membraan van het op-
2+ 
slag-compartiment (waarschijnlijk de vacuole), waarin Mn normali-
ter bi] voorkeur wordt opgeslagen. EDAC daarentegen heeft vrijwel 
2+ geen effect op de opname en accumulatie van Sr , maar veroorzaakt 
2+ 
een sterke afname van de accumulatie van Mn Dat laatste is te ver-
klaren als een beïnvloeding van de membraan van de vacuole door 
2+ EDAC, met als gevolg een blokkade in de accumulatie van Mn in dit 
compartiment. 
In hoofdstuk VIII is aangetoond dat resistentie tegen een bepaald 
zwaar metaal niet direct betekent dat er een toename in de 
resistentie tegen een ander zwaar metaal ontstaat. Een verlaagde 
influx snelheid voor het zware metaal is een mogelijk onderdeel van 
2+ de resistentie De Co -resistentie IB mogelijk m m of meer 
2+ 
a-specifiek, aangezien de Co -resistente stam een toegenomen 
·>+ 
resistentie voor Cu" te zien gaf. Echter, in tegenstelling tot de 
2+ 2+ 
afgenomen influx voor Co zelf, accumuleerde de Co -resistente 
2+ 2+ 2+ 2+ 
stam meer Cd , Cu , Mn en Sr dan de oorspronkelijke stam. Een 
2+ toegenomen resistentie voor Cu werd ook gevonden voor de 
2+ Ή 
Cd -resistente stam. De Cu -resistente stam bleef even gevoelig 
">+ 
voor Cd" als de oorspronkelijke stam en werd zelfs gevoeliger voor 
2+ 2+ 
Co . Op grond hiervan is geconcludeerd dat de resistentie voor Cu 
2+ 2+ 
specifieker is dan de resistentie voor Cd en Co . In het algemeen 
gaven de resistente stammen in aanwezigheid van de zware metalen 
geen verhoogde К efflux te zien in vergelijking tot de К efflux in 
afwezigheid van zware metalen. De oorspronkelijke stam daarentegen 
+ 2+ 
verloor aanzienlijke hoeveelheden К in aanwezigheid van Cd en 
n+ + 
Cu" . Aangezien deze К efflux geacht wordt het gevolg te zijn van 
een beschadiging van de membraan, moeten de resistente stammen zich 
op een of andere wijze tegen deze beschadiging beschermd hebben. 
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UITLEG VOOR DE LEEK 
Dit proefschrift gaat over bakkersgist. Gewoon de gist die de bakker 
gebruikt om brood te bakken, of die je zelf gebruikt als je deeg wilt 
maken dat moet rijzen. In dat geval neem je een kluitje 
gist(-cellen) en lost dat op in wat water of lauwe melk. Die gist-
cellen zijn kleine bolletjes die je echter niet met het blote oog 
kunt zien. Elk bolletje (elke cel dus) is echter een complete fa-
briek of beter nog een stad op zich. Elke cel afzonderlijk is in 
staat koolzuur te maken en alle cellen bij elkaar maken zoveel kool-
zuur dat het deeg gaat rijzen 
Als je een gistcel met een stad vergelijkt, is er een duidelijke 
overeenkomst. Zo heeft een gistcel net als een echte stad een soort 
stadsmuren, zogeheten membranen Deze vormen een hoge, met 
makkelijk te nemen omheining die alles wat binnenin zit, van de 
buitenwereld afsluit Zoals een stad wijken en straten heeft, zo 
heeft een gistcel ook weer onderverdelingen en uitgestippelde rou-
tes voor bij vooroeeld voedingsstoffen die de cel ingekomen zijn. 
Dat laatste nu raakt de kern van dit proefschrift 
Als er om de cel een omheining zit, kun je daarmee natuurlijk heel 
gemakkelijk ongewenste indringers buiten houden, maar wat gebeurt 
er dan met de stoffen die er wel in zouden moeten7 De cel heeft hier-
voor een aantal poorten waardoor bij voorbeeld voedingsstoffen de 
cel binnen kunnen De meeste pooi ten laten echter, uit oogpunt van 
veiligheid, maar een bepaalde voedingsstof (of een bepaalde groep 
voedingsstoffen) door De cel moet dan natuurlijk in staat zijn die 
stoffen te herkennen en mag daarbij geen fouten maken, anders komt 
de verkeerde stof, bij voorbeeld een giftige, de cel binnen en dan 
zal ae cel zijn ondergang tegemoet gaan Zoiets vraagt natuurlijk 
om een deugdelijke organisatie, te meer daar een cel talloze ver-
schillende voedingsstoffen moet kunnen opnemen onder allerlei ver-
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schillende omstandigheden teneinde zijn voortbestaan te kunnen 
garanderen. 
In hoofdstuk I van dit proefschrift is dit alles nog eens op een rij 
gezet en daarin wordt ook aangegeven wat er tot nu toe over gist-
cellen op dit terrein bekend is. In de volgende hoofdstukken wordt 
het onderzoek beschreven dat ik de afgelopen jaren heb verricht naar 
enkele van die poorten van de gistcel. Het onderzoek is overigens 
beperkt gebleven tot een bepaalde stof (fosfaat) en tot een bepaalde 
groep, de zogenaamde tweewaardige kationen. Dat zijn bij voorbeeld 
magnesium, mangaan en calcium, maar ook het meer giftige koper, cad-
mium en cobalt. 
Fosfaat is voor de gistcel een van de belangrijkste voedings-
stoffen. Zo belangrijk zelfs, dat de gistcel - voor zover we dat tot 
nu toe weten - liefst drie verschillende afzonderlijke poorten waar-
door het fosfaat de cel binnen kan komen, erop nahoudt. Omdat elke 
poort op zich een kostbare zaak is voor de gistcel, werken twee van 
de drie poorten alleen onder bijzondere omstandigheden. Als er in 
de directe omgeving van de gistcel voldoende fosfaat aanwezig is, 
dan is slechts een poort werkzaam. Is er weinig of geen fosfaat voor 
handen, dan schakelt de gistcel de twee andere poorten in. Hoe meer 
poorten in bedrijf zijn, des te groter is de 'pakkans' voor het dan 
schaarse fosfaat. De twee extra poorten zijn overigens aanmerkelijk 
handiger in het aantrekken van het fosfaat. Op grond van de tot voor 
enkele jaren geleden bekende gegevens, dacht men dat daarbij een 
speciaal hulpmiddel gebruikt werd: een soort van hengel (in de vorm 
van een eiwit dan wel te verstaan), die zich aan de buitenzijde van 
de gistcel zou bevinden. In hoofdstuk II is beschreven op wat voor 
manieren allemaal getracht is die 'eiwit-hengel' in handen te 
krijgen, helaas zonder succes. 
In hoofdstuk III is beschreven hoe de gistcel die twee andere extra 
poorten aan het werk zet. Op grond van de nu bekende gegevens lijkt 
het erop dat eén van de twee extra poorten feitelijk een en dezelfde 
is als de altijd al werkende poort, die echter voor de perioden van 
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fosfaatschaarste is uitgerust met het 'eiwit-hengeltje' (of iets 
anders speciaals). Er zouden dan in feite maar twee poorten zijn; de 
gistcel hoeft dan met nog eens een complete en kostbare poort op te 
bouwen. 
In hoofdstuk IV is de andere extra poort nader bekeken. Uitgaande 
van een bepaald idee (een bepaalde voorspelling eigenlijk), dat we 
van deze poort hadden, is gekeken of onze veronderstelling onder al­
lerlei verschillende omstandigheden steeds blijft kloppen. Dit 
blijkt niet altijd het geval te zijn. In aanwezigheid van magnesium 
blijkt deze extra poort zich niet geheel volgens de voorspelling te 
gedragen. In een eventueel vervolg op dit onderzoek moet de voor­
spelling daarom nog eens goed bekeken worden. 
In hoofdstuk V wordt even een klein zijpad ingeslagen. Sulfaat is 
voor de gistcel als voedingsstof van praktisch even groot belang als 
fosfaat. Je zou kunnen zeggen dat sulfaat en fosfaat zo'η beetje 
broertjes van elkaar zijn. Over de manier waarop de gistcel sulfaat 
opneemt, is echter lang niet zoveel bekend als over de fosfaatop­
name Er is wel minimaal een poort, en vrijwel zeker nog wel een 
tweede ook. Deze poorten vertonen nogal wat gelijkenis met die voor 
fosfaat. Daarom was het de moeite waard om eens te kijken of er ook 
voor sulfaat een derde poort is. Die poging leverde niets op en 
vooralsnog is een derde poort voor sulfaat zeer onwaarschijnlijk. 
In hoofdstuk VI bestudeer ik de opname van de tweewaardige kationen 
door de gistcel. Deze hebben weliswaar geen directe voedingswaarde 
voor de gistcel, maar verrichten toch op talloze plaatsen in de 
gistcel belangrijk ondersteunend werk. Het ongevaarlijke magnesium 
en mangaan zijn voor deze activiteit in betrekkelijk grote hoe­
veelheden nodig, maar zelfs van het meer giftige koper, cadmium en 
cobalt moet wat aanwezig zijn Aanvankelijk dacht men dan ook dat de 
eerste twee op ruime schaal doorgelaten v>erden via de speciale poort 
voor deze groep en dat de andere, meer giftige, er slechts bij 
mondjesmaat in mochten Bij nadere bestudering van deze poort is 
echter gebleken, dat de poort nauwelijks of niet sorteert Elke stof 
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uit de groep van tweewaardige kationen mag in gelijke hoeveelheden 
naar binnen. Eenmaal binnen wordt snel gekeken welke stoffen met 
goed bruikbaar zijn; de meeste vliegen er dan ook direct via een 
achterdeur weer uit. Dit lijkt wat overbodig werk, maar de gistcel 
heeft op die manier volledig in eigen hand welk tweewaardig kation 
en in welke hoeveelheid op een bepaald moment in de gistcel aanwezig 
is. 
Daarnaast heeft de gistcel nog een apart hokje om een voorraad te 
vormen van datgene wat hij in grotere hoeveelheden nodig heeft. Een 
appeltje voor de dorst, zogezegd Door een goed samenspel van de 
poort, de achterdeur en het hokje slaagt de gistcel erin alles net-
jes onder controle te houden. Voldoende aanvoer, niet al te veel 
giftige stoffen, en ook nog een redelijke voorraad. 
In hoofdstuk VII is geprobeerd met twee verschillende chemische 
stoffen dit samenspel wat te ontrafelen, gewoon om te weten wie nu de 
belangrijkste stem heeft in de uiteindelijke hoeveelheid die in de 
gistcel aanwezig is. Dit onderzoek verkeert echter nog in het be-
ginstadium, dus erg veel duidelijkheid is er nog met. 
In hoofdstuk VIII komt een heel apart verhaal aan de orde. Gist-
cellen hebben evenals mensen, dieren, bacteriën enz., nogal wat 
moeite met giftige ('zware') metalen, zoals kwik, koper, cadmium en 
cobalt Bij een beetje behoorlijke hoeveelheid van zo'n metaal gaat 
de gistcel namelijk binnen de kortste keren dood. Het is echter be-
kend dat, als je een gistcel langzaamaan traint met steeds een klein 
beetje meer van zo'n metaal, hij er na verloop van tijd veel beter 
tegen kan. Bekeken is, waaraan dit nu ligt Wordt de poort strenger 
bewaakt, met andere woorden: komen er gewoon minder giftige metalen 
in' Werkt de achterdeur harder' Of weet de gistcel binnenin beter 
raad met deze stoffen' Waarschijnlijk is dit laatste het geval. De 
poort werkt namelijk voor of na training niet veel anders. Door het 
werk van andere laboratoria lijkt het er bovendien op, dat de 
gistcel bepaalde eiwitten gaat maken die de giftige metalen aan zich 
binden en zo minder schadelijk maken. 
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Nu we in vogelvlucht door dit proefschrift (en door de gistcel als 
stad) zijn heengegaan, blijft natuurlijk als laatste vraag over of 
dit onderzoek is afgerond. Het antwoord hierop is kort maar krach-
tig: nee! Wie voor het eerst in een stad komt, zal na een dag veel 
meer weten van die stad dan voordat hij er kwam. Loopt hij er twee 
weken lang rond, dan weet hij nog meer. Maar kent hij dan die stad? 
Om een stad echt te leren kennen, moet men er eigenlijk jaren wonen, 
werken en leven. En dan nog kan men verrast worden door onbekende za-
ken. Zo gaat het ook met een onderzoek. Stukje bij beetje leer je een 
bepaald terrein kennen, maar daar gaan jaren over heen en soms word 
je toch nog aangenaam verrast wanneer een aantal losse stukken in 
elkaar blijken te passen. 
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CURRICULUM VITAE 
De schrijver van dit proefschrift werd geboren op 1β mei 1953 te Am­
sterdam. In 1971 behaalde hij aldaar het einddiploma HBS-В aan het 
St.Nicolaas-Lyceum en begon zijn studie scheikunde aan de Universi­
teit van Amsterdam. In 1978 deed hij doctoraal examen scheikunde 
(cum laude) met als hoofdrichting biochemie (o.l.v. Dr.A.J.Meijer, 
Drs R. van der Meer en Prof .Dr. J.M.Tager) en als bijvak 
Plantenfysiologie (o.l.v. Dr.A.Musgrave en Dr.H.van de Ende). Van 
197Θ tot 1982 was hij, in dienst van Z.W.O. middels de Stichting voor 
Biofysica, werkzaam aan het Laboratorium voor Chemische Cytologie 
van de Katholieke Universiteit van Nijmegen. In deze periode werd 
het in dit proefschrift beschreven onderzoek verricht, o.l.v. 
Prof Dr.G.W.F.H.Borst Pauwels. 
129 



STELLINGEN 
I 
Het influx-mechanisme voor divalente kationen in gist is niet of 
nauwelijks selectief voor de verschillende divalente kationen. 
dit proefschrift 
II 
Aan de betrokkenheid van b indingse iwi t ten b i j transportprocessen 
in Saccharomyces cerevlsiae moet erns t ig g e t w i j f e l d worden. 
dit proefschrift 
I I I 
Dat 'Materials and Methods' in sommige wetenschappelijke tijd-
schriften klein gedrukt wordt, suggereert ten onrechte dat het hier 
om een minder belangrijk onderdeel zou gaan. 
IV 
Als wetenschap zich niet populariseert, kan zij slechts impopulair 
zijn. 
V 
De overweging van het Nomenclature Committee van de IUB om 'maximal 
velocity' in de enzymkinetiek te vervangen door 'limiting rate', 
aangezien het een geëxtrapoleerde waarde betreft, gaat volledig 
voorbij aan het feit dat een dergelijk maximum wel degelijk meetbaar 
is en gemeten wordt. 
Symbolism and Terminology in Eniyme Kinetics. 
Recommendations 11982) Eur. J. Blochem. 128, 281-291 
VI 
De conclusie van Kotyk et al dat, bij gist in aanwezigheid van 
glucose een transport-eiwit voor protonen is geïnduceerd, wordt 
niet ondersteund door de gepresenteerde waarnemingen. 
Kotyk.Α., Horak.J. en Knotková.A. (1982) 
Bloch!т. Blophys. Acta 698, 243-251 
VII 
De conc lus ie van Lewin et al , dat het haar van Napoleon n i e t meer 
arseen bevatte dan normaal haar, i s on ju i s t . 
Lewln.P.K., Hancock,R.C.V. en VoynovIch.P. (1982) 
Nature 299. 627-628 
VIII 
De door Chapín en Wasserstrom gegeten relatie tussen rijstproduktie 
en malaria-gevallen In India suggereert, dat er meer 
malaria-gevallen dan Indiërs zullen zijn indien de rljstproduktie 
voldoende groot genoeg wordt. 
Chapín,С. en Wasserstrom,R. 
(1981) Nature 293, 181-185 
IX 
'Trim U Fit' is meestal 'Trim Uw Vet' . 
Χ 
Sommige 'captains of industry' verwarren de vrijheid van ondernemen 
met de vrijheid van nemen. 
B. J.W.M.Nieuwenhuls 
Ni/megen, 29 april 1983 
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Mn2+:v0= 0.75*0.28 
Sr2+:vo=0.68î0.05 
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